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A STUDY OF ZINC SEPARATION FROM AN ALKALINE LEACH LIQUOR 
USING FIXED AND MOVING BED ION EXCHANGE SYSTEMS.
S,A. JAFAR 
ABSTRACT
As far as it is known from the survey of literature 
this is the first study of the problem of Zn separation 
from NaOH solution through ion exchange. It was therefore 
essential to carry out a selection procedure for finding a 
suitable resin for the separation. Ten resins were tested 
from which Amberlite IRC-718 was selected. The resin was 
found to tolerate the high pH involving the process and give 
a favourable eguilibrium relationship for 0.1 and 0.2M NaOH 
solutions.
Work concerning fixed and moving bed processes was done 
to determine various design parameters such as mass transfer 
coefficients, zone height, number and height of transfer units.
The kinetics of ion exchange was studied through fixed 
bed operation by obtaining breakthrough data. These data 
were analysed through a new method and also by the methods 
of Michaels, and Moison and O'Hern. For some data the methods 
of Michaels, and Moison and O'Hern were found to be inadeguate 
while the new method was applicable to all the data. The 
kinetics of ion exchange was found to be controlled by diffusion 
of ions in the solution. This was also confirmed by the 
determination of activation energy which gave a value of 1.6 
kcal/mole. Correlations for saturation time, zone height and 
zone velocity were established.
The extraction efficiency of 99.6% was achieved using a 
moving bed system with bed height of 24cm and solution flow 
rate of 7 ml/min. The height of transfer units was found to 
increase with Zn and OH ions concentration, solution flow rate, 
and cycle time. However, HTU was unaffected by bed height 
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concentration of given ion after N 
theorectical stages or transfer 
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entering stream
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height of resin bed 
height of exchange zone
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chemical equilibrium constant for 
exchange
equilibrium constant in concentration 
terms
mass transfer coefficient for film 
diffusion
mass transfer coefficient for 
particle diffusion
volumetric solution flow rate in 
fixed bed
number of equilibrium contacts 
number of reaction units
number of transfer units based on 
fluid film
total ionic concentration of the 
resin or the ultimate capacity
concentration of given ion in ion 
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separation factor for a single 
transition
volumetric solution flow rate in 
moving bed
volumetric resin flow rate in 
moving bed
volumetric flow rate of regenerant 
cross-sectional area of column
throughput parameter based on 
concentration changes for transition 
of interest
time
apparent residence time for fluid 
phase = hS/F




fluid phase concentration between 
O downstream and 1 upstreamwithin 
a transition = x-
value of X at equilibrium with Y
equivalent fraction of ion in 
solution with respect to the total 
ionic level of the solution
value of x at equilibrium with y
solid phase concentration within 
a transition = y-y1 /y2 -y1
equivalent fraction of ion on the 
resin with respect to the total 









equivalent fraction of ion in the 
resin in equilibrium with a given 
equivalent fraction in the solution
dimensionless
Greek symbols
degree of approach to equilibrium 
transfer for a component in the 
solution phase
external void fraction of resin bed
rate coefficient in reaction- 
kinetic treatment
system partition ratio for a 
component or for total solutes =
solution viscosity 
density of solution 



















The ion exchange process was first observed in 1845
by Thompson in studying soil fertilisation and in 1905
(2 ) 
Cans , in Germany softened water industrially using natural
and synthetic zeolites. The process was reversible, the 
zeolite being reconverted to the sodium form by means of 
brine. Water softening, whose application became world- 
wide remained the only application of ion exchange until 
1934. In that year two inventions founded a new industry. 
The first was sulphonated coal, developed by Liebknecht in 
Germany. This was a tough, physically and chemically stable 
material, which would not only soften water but, unlike the 
zeolites, was also stable to acids, and could therefore be 
converted to the hydrogen form. It would then remove all 
cations, converting salts into the corresponding free acids. 
The second invention was the development of the first cation 
and anion exchange resins by Adams and Holmes
The other developments in ion exchange came in 1942 
when D'Alelio^ 4 ^ in the USA invented the first polymeric 
ion exchange material, sulphonated cross-linked polystyrene, 
followed in 1949 by McBurney's^ ' development of the 
corresponding anion-exchange resin, cross-linked polystyrene 
with quaternary ammonium groups. Polyacrylic resins, which 
were developed later, have advantages for some purposes, but 
the polystyrene materials remain by far the most widely used 
exchangers.
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While initially ion exchange or base exchange, as it 
was called, was looked upon as simple exchange of ions, 
today it has become a unit process applicable to complex 
systems whether it be in biochemical laboratories for amino 
acid, nucleotide, and carbohydrate separations, or in industry 
for rare earths and radioactive nuclide separations. Exclusive 
of water treatment, one of the major field of applications of 
ion exchange has been in the processes concerning the 
concentration and recovery of valuable metals from solutions. 
In wet process metallurgy, such solutions include leach solutions, 
mine waters, filter washes and mother liquors and metal 
finishing. The removal of zinc from solution in hydro- 
metallurgical leach liquors is a problem which occurs in a 
wide range of processes. In the process of recycling of steel 
making dust the main contaminants are Zn and Pb. By leaching 
the dusts with NaOH both Zn and Pb can be taken into solution 
leaving behined a solid residue for recycling.
In a preceeding work Rasheed ' studied the problem of 
Pb separation from the leach liquor through the technique 
of cementation which removes lead by adding some zinc in the 
liquor from a solid Zn surface. For the reuse of NaOH solution 
Zn must be removed. In the present work the problem of Zn 
removal from the leach liquor is studied through fixed and 
moving bed ion exchange systems. Previous work on the removal 
of zinc ion from aqueous solutions involved acidic, neutral 
and cyanide solutions. Zinc was removed by either a cation 
or anion exchanger. An extensive survey of literature 
indicates that the removal of zinc from an alkaline solution
of sodium hydroxide has not attracted the attention of many 
research workers. To select a resin that could give an 
effective separation of Zn from a solution of extreme 
alkalinity an elaborate search method was needed. First 
three resins in the sodium form were selected and tested, 
but, they were found unsuitable because of their physical 
weakness. Then seven resins were tried, amongst them 
Amberlite IRC-718(Na) was found to give good separation and 
at the same time possesses, high selectivity for Zn, stability 
over the entire pH range and resistivity to physical break- 
down.
With this resin experiments were conducted in fixed 
beds for kinetic studies. The kinetics of ion echange is 
dominated by five steps. These are (1) the diffusion of 
counter ions through the bulk solution to the surface of the 
ion exchanger, (2) diffusion of the counter ions within the 
solid phase, (3) chemical reaction between the counter ions 
and the ion exchange sites, (4) diffusion of the displaced ions 
out of the ion exchanger and (5) the diffusion of displaced 
ions from exchanger surface into the solution.
Steps (4) and (5) are the reverse processes of steps(2) 
and (1) respectively. Either a diffusion or a mass action 
mechanism depending on which is the slowest step, ultimately 
governs the exchange kinetics. In general, the diffusion of 
ions in the external solution is usually termed film diffusion 
control. This is a useful concept but hydrodynamically it is 
ill-defined. The diffusion or transport of ions within the 
exchanger phase is commonly termed particle diffusion control.
_ T_
The chemical exchange of ions at the exchanger sites is 
observed in certain complex reactions. Hence, studies of 
ion exchange kinetics fall into three broad classifications 
which divide into two distinct categories.
The rate-controlling step depends primarily on the 
concentration of the external solution. Under ordinary 
conditions, i.e., moderate stirring and a moderately or highly 
swollen resin, diffusion through the film is the slow step 
with solutions of order of 0.01 N or less. Diffusion in the 
resin is ordinarily the slow step with solutions of the order 
0.1 N or more.
Other factors having influence on the rate are
(1) Particle size of resin,
(2) Diffusion coefficient inside the resin which depends on;
(a) The degree of swelling of the resin,
(b) Temperature of the system,
(c) Nature of the exchanging ions
(3) Diffusion coefficient in the aqueous film and
(4) Stirring.
For the determination of rate controlling steps an 
analysis of breakthrough curves is a must. Breakthrough 
curves can be analysed through the solution method of Thomas. 
This method however depends on a number of simplifying 
assumptions and thus reducing the range of applications. 
Furthermore Thomas solution assumes a rate equation expressed 
by the stoichiometry of the monovalent ion exchange reactions, 
which is more valid for reaction controlled exchange processes. 
In this work breakthrough curves obtained from fixed bed
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operation were analysed through a new method which is described 
in Chapter (6). This analysis has provided the values of 
mass transfer coefficients, zone height and number of zones 
in a bed. Through this study in fixed bed useful information 
such as resin capacity, zone height, liquor velocity to be 
used and the overall mass transfer coefficients were obtained. 
Experience gained through the fixed bed operations has helped 
to select and set up a moving bed system. A moving bed 
system of the Higgins type was selected for further studies.
The Higgins contactor consists of two columns which are 
joined at the top and bottom. The solution flows in the first 
column are stopped after a period of several minutes, and 
the settings of the valves reversed. Hydraulic pressure is 
then suddenly applied to the top of the auxiliary column so 
that resin moves downwards, and up the main column. Some resin 
passes into the overflow pipe, where it is retained by the 
overflow valve. The two valves between the columns are 
returned to their initial settings and the solution flows 
are then restarted.
The apparatus used in this study are almost similar to 
that described above, however, there are some differences 
such as, auxiliary column being mounted to the supporting 
framework at a higher level which helped to avoid the use of 
hydraulic pumping and the columns were not connected at the 
top thus exhausted resin was collected from an overflow valve. 
The method of operation is a semi-continuous countercurrent 
and design informations on optimum resin and fluid flow rates 
for effective separation of Zn, number and height of transfer
-5-
units values and the optimum amount of resin in the bed were 
obtained.
Some work was also carried out on the regeneration 
process and the results are encouraging. This and the 
results obtained on the extraction of Zn will provide a basis 




2.1 METALS REMOVAL FROM STEEL MAKING DUST
Over 2 million tons of dust containing approximately 
1,100,000 tons of iron, 100,000 tons of zinc, 20,000 tons 
of manganese, and 10,000 tons of lead are produced by the 
steel-making industry each year. A 1970 Bureau of Mines 
survey of 95 steel mills showed average dust emission per 
ton of steel produced as follows: Open hearths, 25 pounds;
basic oxygen furnaces; 40 pounds; and electric furnaces,
(7) 20 pounds. Based on the 1969 U.S. production of steel' ,
it is estimated that 761,000 tons of open hearth dust, 
1,200,000 tons of basic oxygen furnace, and 201,000 tons of 
electric furnace dust are emitted annually. At present these 
dusts are, for the most part, a wasted resource awaiting the 
development of suitable recycling methods.
The dusts are high in iron content. Therefore, recycling 
to the furnace appears to be a logical approach to the problem. 
To do this, however, requires that the dusts be converted 
to a suitable physical form. The wastes must also be 
sufficiently free of deleterious elements so as to neither 
adversely affect the subsequent melting operation nor add 
undesirable impurities to the steel.
Although numerous processes have been developed for 
removal of zinc and lead from steel furnace dustsonly a 
minor amount of dust is being recycled ( 8~ 12) . Most of these 
processes are expensive to install and operate and some of 
them are reported below.
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Electrostatic precipitators were used by Thom (11 ' 12 ^ 
to collect iron oxide dust from the basic open hearths. The 
dust contained zinc and lead oxides and sulphur compounds 
and were removed by direct reduction in a rotary kiln.
Barnard et al^ investigated various methods such 
as (1) pelletization and reduction roasting to remove lead 
and zinc, (2) sulphation with sulphuric acid or SO9 followed 
by leaching to remove lead and metallize the iron, (3) 
pelletization of mixtures of dusts containing carbon, zinc, 
and lead followed by roasting to eliminate said elements, 
(4) and pelletization and roasting of mixtures of blast
furnace dusts, basic oxygen furnace dusts, and mill scale.
(14)   Ikeno et al in Japan treated open-hearth dust using
various methods in order to remove zinc. The methods included 
acid leaching before or after roasting, chloridizing roasting, 
chloride volatilization, and reductive roasting of the dust 
with or without pelletizing.
A combination of leaching and ion exchange seems to be 
a more economical route.
Acid leaching was applied to steel making dust by 
Wakamatsu^ 15 ' in Japan. Zinc formed a negative charged 
chloride complex which was adsorbed by strongly basic anion 
exchange resin and the maximum adsorption of Zn was obtained 
from a solution of 2 N-HC1. In this medium most elements 
with which Zn is associated in the dust are not adsorbed by 
the resin. It is therefore possible to separate Zn from 
Fe, Al, Mn, Ca, Mg, Cr, and Ni. Zinc is then eluted from 
the resin with 0.3N-HN0 3 - Part of Fe, Cu, Sn, Pb, and As
are adsorbed on the resin, but a subsequent "EDTA titration 
procedure obviates their interference.
The recycling of complex heavy metal wastes using 
solvent extraction and ion exchange was discussed by Van 
Veen in order to solve environmental problems. In the 
ion exchange process, the solid waste is treated with 6M HC1 
at high temperature to dissolve all metals. The residue is 
filtered off. The solution is treated by MIBK to remove 
Fe + ; back extraction gives FeCl 3 with high purity.
The raffinate is led through an anion exchange column. 
The metals Cu, Pb, Zn and Cd are fixed as chloride complexes, 
while Cr, Ni, Mn, Ca, and Na pass through. For the separation 
of Ni and Cr from this eluate several techniques are available 
one of them is electrolysis; subsequently, Mn can be removed 
by precipitation.
The separation of the adsorbed metals Cu, Pb, Zn, and 
Cd takes place by elution with HC1 solutions of decreasing 
strength. Recovery of HC1 from Pb and Cu eluates takes 
place by distillation in the presence of sulphuric acid. 
Products are obtained as sulphates. HC1 can be recycled 
within the process.
The Zn and Cd eluates can be treated by a cation exchanger 
in order to obtain sulphates. Electrolysis can be applied 
to obtain the materials in the metal form. Cobalt can also 
be recovered with this process. An aspect of this process 
is that liquid wastes can be introduced directly, without 
pretreatment (except the 6M HC1 conditions). Moreover, a 
broad spectrum of wastes can be treated without leaving
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residues that have to be considered as hazardous.
Van Veen also evaluated both processes considering 
the revenues of the products, operating costs, separation 
spectrum, legislation with respect to dumping, and types 
and composition of wastes. Based on the revenues and 
operating costs, both processes were roughly equal. However, 
the ion exchange process showed a broader separation spectrum 
which was an advantage from the point of legislation. The 
author ' reached the conclusion that the recycling of 
heavy metal wastes could be economically feasible.
The problem of lead separation from electric arc furnace 
(e.a.f.) steel-making dusts was studied by Rasheed using 
a cementation process. Non-ferrous metals present in the 
e.a.f. dust were separated by hydrometallurgy involving 
alkaline leaching. During the leaching of the dust, the iron 
compounds remained in solid form. The non-ferrous metal 
fraction entered the solution and was separated from the iron 
compounds by filteration. Using zinc as cementing metal lead 
was removed from the liquor. This led to the present study 
which involves the removal of zinc ion from sodium hydroxide 
solution through ion exchange. Thus sodium hydroxide can be 
concentrated and reused in the process (in the leaching step).
Davies^ 1 ' discusses the unit operations involved in all 
hydrometallurgical processes. They are broadly classified 
into separation and non-separation processes. The separation 
processes in hydrometallurgy include leaching, filteration, 
centrifugation, floatation, liquid extraction, cementation, 
ion exchange, membrane separation and electrowinning. The
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non-separation processes are usually referred to operations 
such as crushing, grinding, communition and conveying. The 
author also discusses the step-wise processes found for 
separation and non-separation processes in hydrometallurgy 
with specific reference to Sherrit - Gordon cobalt/nickel 
process. The choice of solid-liquid separation equipment 
will depend on the specifications placed for solution 
purification. These in turn are set by the separation
method used, solvent extraction, ion exchange membrane
(17) processes etc. Davies also recommended the use of
recycle streams to increase overall separation and recovery 
and to reduce entrainment and loss from the process. With 
respect to processing of solids it is one industry where 
the waste from a process is dumped and is later reworked as 
either economics and/or technology improves to make the 
processing of a lower assay material possible.
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2 t2 TYPES OF ION EXCHANGE RESINS
Water softening was the main application of ion exchange, 
The ion exchangers were either natural or synthetic inorganic 
alumino silicates. These ion exchangers had to be used in 
neutral solutions since they were unstable outside of the 
pH range 6.5 to 8.5. With the discovery by Adams and Holmes 
in 1935 that polar groups could be fixed on polymeric matrices, 
development began and continued on a whole series of ion 
exchangers to meet the needs of industry, especially the 
new sophisticated technologies that came after World War II, 
for example, nuclear, microcircuits, and pharmaceuticals. 
Table 1 gives a list of the ion exchangers by function that 
are available today. Ion exchangers derive their properties 
from various functional groups that are fixed to polymeric 
matrices. Table 2 lists the most common groups utilized for 
ion exchange.
The weakness of the condensation type of polymeric 
materials to which were attached the fixed polar groups 
became evident during the period of their use (1935 to 1945). 
The development of the sulfonated and aminated copolymers 
of styrene-divinylbenzene placed the ion exchange process 
on a firm base for large industrial uses under conditions 
not previously possible.
To overcome fouling of the ion exchangers by foulants 
present in some waters and solutions, macroporous and 
isoporous matrices were developed. In the former, the matrix 
has large fixed pores so entering foulants can diffuse out
-12-
on regeneration. In the isoporous exchangers, the pores 
are uniform, and the small pores which prevent the entering 
foulants from diffusing out are eliminated.
The ion exchangers can be made in particle, bead, 
powder, and membrane forms. They also have been made as 
fibers, cloth, tubes, and foams as well as coated on various 
materials.
-13-
TABLE 1 LIST OF ION EXCHANGERS BY FUNCTION
Cation exchangers Miscellaneous
Strong acid Chelates
Weak; acid Retarding exchangers
Anion exchangers Extracting exchangers
Strong base Precipitating exchangers
Weak base Specific exchangers
Medium base Adsorbing exchangers
TABLE 2 POLAR GROUPS UTILIZED IN ION EXCHANGERS
Cation exchangers Chelates
Sulfonic Iminodiacetic acid 
Carboxylic Amidoxime 
Phenolic Carbamates 
Phosphoric Ami no - phosphonic 
Thiol Isothiorunium 









Specific groups for specific ion removal
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2.3 APPLICATION OF ION EXCHANGE PROCESS
2.3.1 PICKLING OF STEEL
Much of the pickling of steel is done today with 
hydrochloric acid because it reacts more rapidly, attacks 
the oxide in preference to the parent metal , and can be used 
at ambient temperature. The pickling is done with an 18% 
acid concentration and ends when the concentration is 
reduced to about 2%. The latter solution containing FeCl2 
and residual acid is often used for stripping zinc from 
galvanized rejects with the zinc accumulated in jigs during 
galvanizing operations.
At one time, the waste solutions were dumped after being 
neutralized. But due to legislation, methods have been 
developed to recover the iron as iron oxide, the chloride as 
hydrochloric acid, and the zinc as zinc sulphate.
Haines et al (18) in South Africa developed a process 
called "Metsep" for the removal of zinc from the pickle 
liquor. The process was designed to treat two streams:
(a) uncontaminated pickle liquor containing about 
220g of FeCl2 and 31g of hydrochloric acid per
litre.
(b) contaminated pickle liquor containing.about 73g
of ZnCl 2 , 230g of FeCl 2 and 30g of HC1 per litre.
The uncontaminated material is fed direct to a spray 
roaster in which the ferrous chloride and small quantities 
of ferric chloride are decomposed to oxides of iron and HC1.
-15-
The zinc contaminated pickle liquor is fed to a 
continuous ion exchange plant in which the zinc chloride 
is pickled up as ZnCl 4~ while the effluent goes to the zinc- 
free pickle liquor for roasting.
The zinc chloride is eluted from the anion exchanger 
with water. The zinc is then converted to zinc sulphate 
through liquid ion-exchange extraction and elution by means 
of H2 S04< Thus, this plant received a waste product and 
produced marketable recycle acid, marketable FeO and Fe2 03 
and ZnSO, which could be sold to zinc refiners for electrolytic 
recovery. The only waste product was steam from the 
pyrohydrolysis reactor. The ion exchange plant was closed 
when the source of zinc contaminated acid ceased ' ' .
2.3.2 CYANIDE PLATING
The major problem with the removal of cyanide by ion 
exchange is the poisoning of anion resins by the tightly 
held metal cyanide complexes. As a result the anion resins 
are very difficult to regenerate. However, as long as the 
cyanide concentration is low, little or no poisoning of the 
resins will occur.
Early work by Bloodgood and Losson^ on the removal 
of cyanide and Chromium from metal plating wastes by ion 
exchange revealed that, 
(1) it is possible to materially reduce the cyanide content
in metal plating wastes and other aqueous solutions by
means of a cation and anion exchanger used in series,
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(2) Chromate can be removed from solution by ion exchange,
(3) plating wastes can be purified by ion exchange with
essentially demineralized water being produced from these 
wastes, and
(4) Adsorbed Chromate is difficult to recover.
/ 22 \ 
Later Walker and Zabban v ' investigated the removal
of cyanide ions from segregated dilute copper, zinc, and 
silver plating solutions using Dowex and Amberlite ion- 
exchange resins. The concentration of the dilute plating 
solutions varied from 20 to 1000 ppm of total CN. The ion 
exchange system consisted of a strong acidic cation resin 
in the hydrogen form in series with a strong basic anion 
resin in the hydroxide form. The cyanide and metal ion 
concentrations in the treated effluents in most cases were 
less than 0.1 ppm (total CN) and 0.2 ppm, respectively, while 
the concentrations in the regenerant wastes varied between 
5 and 30 g/1. A 10% sodium hydroxide regenerant solution 
was passed through both exchangers. However, the cation- 
exchange resin had to be regenerated a second time with about 
10% solution of hydrochloric acid to replace the sodium ions
with hydrogen ions.
(23) 
After the passage of a decade Tallmadge used a
mixed-bed system containing a strong acid cation resin 
(Amberlite IR-120) and a strong-base anion resin (Amberlite 
IRA-410) to treat a synthetic mixed electroplating waste 
containing anionic cyanide complexes of copper and zinc, and 
sulphuric, phosphoric, and chromic acids. The concentration 
of each of the metals (copper, zinc, nickel, and chromium)
-17-
did not exceed 13 mg/l, while the cyanide concentration was 
18 mg/l (as CM). The total solids content was 540 mg/1. 
The test data showed that over 99% of both the heavy metals 
and cyanides could be effected. However, because of the 
high selectivity of the anion-exchange resins for the anionic 
cyanide complex, the only effective regeneration procedure 
for the anion resin was a two step treatment first using 
sulphuric acid to break the cyanide complex and then caustic
to replace CN.
(24) 
Recently Kawaguchi and Imai ' in Japan recovered
zinc from synthetic cyanide rinse water using beds of a 
weak-acid exchanger in the hydrogen form. The total exchange 
capacity of Zn was 1/4/v 1/12 the overall capacity.
2.3.3 TEXTILE WASTES
The textile industry has two waste waters containing 
valuable metals. These are as a result of the manufacture 
of rayon. There are two processes in general use for rayon 
manufacture, the xanthate and the cuprammonium, in both of 
which very large volumes of water are used during the rinsing 
of the filament, and these emerge contaminated with zinc and 
copper respectively. These solutions are being treated 
successfully by cation exchange on a large scale in U.S.A. 
and in Germany   In the case of the cuprammonium 
wastes, the cation exchanger is operated in the hydrogen 
cycle, and the regenerant is recycled to build up its copper 
content. Eventually it is neutralized and the copper
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precipitated and subsequently redissolved. In the xanthate 
process, rayon is manufactured by reacting the sodium salt 
of cellulose with carbon disulphide to form a cellulose 
anthate. This solution is then extruded as fibre filaments 
into a solution containing sulphuric acid and zinc sulphate 
is obtained. The solution, containing approximately lOOppm 
Zn, is treated with a strong-acid cation exchanger to recover 
the zinc. This was made possible following the development
of two unique processes for metal recovery by cation exchange
(27 } by Mindler and Coworkers '.
The original sulphuric acid-zinc sulphate solution can 
be used as a regenerant, since the sulphuric acid concentration 
is sufficiently high that little of the contained zinc is 
adsorbed by the resin. Increasing amounts of zinc sulphate 
in the regenerant tends to reduce regeneration efficiency; 
however, the effect is not marked until the ZnSO, concentration
exceeds 10%.
(27 } The findings of Mindler et al x ' were on the recovery
of tin and zinc. In the tin recovery process, sodium 
stannate wastes are derived from the rinses of continuous 
sheet metal tinning mills of the electrolytic type. The 
waste water has a temperature of about 170 F. It contains 
approximately 600ppm of sodium stannate in addition to the 
salts in the water used for rinsing; the pH is 8.1. A typical 
tin plating bath of sodium stannate is diluted to 675ppm of 
tin with demineralized water and used as an influent. The 
rinse water is passed through Permutit Q and filtered by the 
sludge filteration principle before more than a trace of tin
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is present in the effluent. The clarified water, after 
separation of the precipitated metastannic acid, posses 
30 ppm sodium; the pH is about 3. Such water can be 
neutralized and re-used for rinsing tinned sheet metalj thus 
both the water and the heat values in the rinse water are 
conserved.
For the second process, the removal of zinc ion from 
strongly acid solutions using Permutit Q, the authors ^ 
found that at sulphuric acid concentration below 0.1%, the 
removal is virtually complete and at concentrations of 0.5 
to 1 .0% I^SO., the removal is greater than 95% from solutions 
containing SOOppm of zinc. At higher concentrations, the 
effluent from Permutit Q bed contained high quantities of 
zinc slippage. The exhausted resin is regenerated using 
sulphuric acid and concentrations of over 10% zinc sulphate 
containing relatively small amounts of H^SO, are recovered. 
These recovered solutions may often be re-used directly in 
the processes from which the wastes arise or they may be
concentrated for the production of the zinc salts.
( 2 R ̂ Bowen et al ' conducted extensive research on the
recovery of zinc from rayon plant sludge. The sludge was 
accumulating in basins over 25 years and had 80 million-Lb. 
of zinc in it. During 27 years, some 23 processes were 
investigated for the recovery of zinc in a usable form from 
the waste stream or from sludge lagoons for internal use or 
sale to outside concerns. Twenty two of these techniques 
were rejected or tried for brief periods before discarded. 
In general, the economics were poor or the impurity
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concentration in the recovered zinc was too high for re-use. 
Numerous ideas were bench-scaled, and others went through 
fairly elaborate pilot plants. Several reached commercial 
production and ran for several years on a marginal basis. 
Amongst them was ion exchange which was tested extensively 
on a pilot plant and was run on a commercial scale for three 
years. Full recovery efficiencies and severe material of 
construction problems caused a shutdown. Both calcium 
accumulation and resin fouling were problems. Recovery cost 
was about the same as the newly developed heat treatment 
process which was described in the publication. The typical 
compositions of basin sludge was, solids 4.5%, zinc 34%,
iron 0.5% and calcium sulphate 8% (all based on solids).
/ 2 Q \ 
The authors ' also suggested that of all the processes
examined in the light of 1977 economics, pressure filtration 
of a heated sludge that has broken the gel was the most 
economically feasible. This process combined the two important 
factors of good economics with a good product: a relatively 
concentrated zinc sulphate solution of an acceptable purity 
for reuse and/or sale to others.
A chelating resin containing a hydrazide group was used 
in Japan by Egawa and Maeda ' to remove Na + , Zn++ , and Ca 
from waste solutions from the viscose rayon industry. 
Adsorption of Ca++ decreased with increasing amount of Na 
in the solution and with decreased of flow rate. The 
breakthrough capacity of the resin was 22.2g of Zn + /I. resin. 
Zinc was eluted by H2 S04 -
A process for the recovery of zinc ions from waste
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solutions in the processing of viscose by ion exchange has 
been patented by Kollar (30) . Strongly acid cation exchangers 
of polystyrene cross-linked with divinylbenzene (Katex S) 
adsorbed Zn from strongly acidic waste solutions. Retained 
Zn was eluted with spent baths containing 5-15% H2 S04 and 
10-25% Na2S04 , in which Na + ions functioned as the elution 
agent for Zn . The eluates were adjusted to the desired 
composition and recycled.
Glover and Pratt^ l ' in U.S.A. invented a process to 
recover zinc from viscose rayon production. Zinc was removed 
from used acidic solution by cation exchange and recovered 
from the ion exchanger with a solution containing 20% H2 S04> 
This acidic ZnSQ> solution was returned to the rayon production 
solution. Thus, in the production of rayon, the used ZnSO. 
solution can be continuously removed, purified, and returned 
to the production baths.
Carboxyl cation-exchangers were used by Morgenshtern 
and Matorenok ' for removing zinc from waste waters of the 
viscose industry. Weakly acidic ion exchange resins KB-2-14/40 
or KB 2-14/50 (both based on divinylbenzene and unsaturated 
carboxylic acids) were more effective in removing Zn from 
the effluents of viscose rayon manufacture than strongly 
acidic resins such KU-2. The resins have 4.1-4.2 meq. Zn +/g- 
ion-exchange capacity at pH 6.4, and remove Zn from the 
effluents containing 1053mg/l Zn2+ and 18.5g/l salts. The
ff\
desorption of Zn + from the exchangers requires 2-2.5 volumes 
of 10% H 7 S04/volume resin. The desorbed concentration contains
"-)
30-5 g/1   Zn (as ZnS04 ) . The exchangers are regenerated
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with 4% NaOH solution and 2 gequiv. are required per gram 
of resin.
2.3.4 BRASS MILL
The brass-mill wastes are the result of pickling and 
bright-dipping brass in acids during its fabrication. 
Sulphuric acid, chromic acid, nitric acid, and mixtures of 
these are used. The over-all waste therefore may contain 
these anions along with the cations copper, zinc, trivalent 
chromium, and the ions present in water sent to the rinsing 
tank. The most satisfactory treatment scheme involves 
segregation of the wastes containing chromium from the 
remainder. Cation exchange may be applied directly to the 
bright-dip bath for removal of metal cations and substitution 
of hydrogen cations so that this bath does not require 
dumping. This eliminates most of the chromium waste problem. 
The remainder of the brass-mill wastes, which make up by 
far the largest volume and most difficult disposal problem, 
are also treated by cation exchange. These are chiefly dilute 
sulphuric acid solutions containing copper and zinc.
The separation of copper from zinc by ion exchange has
(33) 
been studied by Breton and Schlechten v '. Amberlite IRC-50
and Amberlite IR-120 were used and the Carboxylic resin was 
found to be more effective than the sulphonic one. The latter 
demonstrated a greater capacity over a wider pH range. The 
copper and zinc were removed from the saturated resin by 
passing 10% sulphuric acid as a regenerant for Amberlite IR-120
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Amberlite IRC-50, due to its inefficient exchange of copper 
for sodium, was regenerated in two steps. First, the copper 
and zinc were removed with 10% H2 S04 and then the resin was 
converted back to the sodium form with 4% caustic.
Later Blake and Randle^ 4 ' investigated the removal of
2 + ? 
Zn from the ternary system Zn +-Na +-H + by cation exchange.
Very dilute solutions containing zinc sulphate, sodium and 
sulphuric acid were passed down a column of Zeo-Karb 225 
cation-exchange resin. The authors^ 34 ' concluded that the 
absorption of zinc was decreased markedly at concentrations 
0.3% ZnSO. in solutions containing 0.1% H-SCK, and 0.07% 
ZnSO4 in 0.1% H2S04 . Blake and Randle^ 34 ^ also observed
ii~\
competition between Zn , H , and Na + for resin sites which 
were in the hydrogen form. At equilibrium, the affinity of
f-\
the resin is in the order, Zn , Na , H . However, at high 
flow rate, the limiting factor in the exchange will be the 
mobilities of the ions and therefore the affinity of the
f\
resin is then in the order H , Zn , Na .
2.3.5 PRECIOUS METALS RECOVERY
With precious metals, there is an additional incentive 
for treatment of rinse waters because of the value of the 
metal to be recovered. A good example is to be found in a 
gold plating line where flowing rinses can result in loss of 
gold by dragout, and in drain lines. This gold is recoverable 
by ion exchange techniques as suggested by the patent of 
35 ^. Ion exchange has been used for many years to
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recover gold from rinse waters (36 40} . m solution, the 
gold is generally in the form of a gold cyanide complex and 
is removed by a strongly basic anion exchanger either in the 
hydroxide form or the chloride form. The capacity of the 
resins are in the range of 20 to 35 troy oz of gold per 
cubic foot of resin with gold recovery of over 95%. A 
number of techniques for eluting gold from the anion resin 
were tried, but the simplest approach is to burn the gold 
off the resin as recommended by the patent cited.
New ion exchangers have been developed with higher 
capacities for gold. The capacity of the Pyridinium Type I 
strong-base anion exchanger is in the range of 50 to 100 troy 
oz of gold per cubic foot of resin. A troy oz of gold is 
worth approximately #180 (1979 value) so that the value of 
gold recovered is #9,000 to £18,000 per cubic foot of resin. 
If the resin costs about #100 per cubic foot then the value 
of the recovered gold is approximately 100 to 200 times the 
cost of the resin.
Strafion MMKR, an isothiouronium chelating ion exchanger, 
is very effective for the recovery of gold and precious metals 
at low pH^ 41 ^. The capacity of the resin at a pH of 0.5 is 
850 g/1. The resin also has a high capacity for removing 
mercury and methyl mercury; the capacity for ionic mercury
is 545 grams Hg per litre of resin.
(42 ) 
Another resin reported in the literature is AATH-0
which can be charged with HC1 or ; H2 C0 3 , is capable of taking 
up Au from KAu(CN) 2 (I) solutions of acid, neutral, or strongly 
alkaline pH. At a pH of 3.5, 1 gram of dry AAT takes up
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1.17 meg., or 23.1% of its weight in Au.
Water Management Chemicals Limited (43) is currently 
developing a resin specifically designed to recover precious 
metals in a usable form. This resin will in fact absorb 
any metal capable of chelation, but it is particularly 
effective for silver, platinum, palladium, gold and importantly 
rhodium which previously was extremely difficult to recover. 
Recovery rate of between 2-3 grams of metal/gram of resin 
has been reported.
2.3.6 URANIUM
By all odds one of the largest uses of ion exchange 
outside the field of water is in the recovery or precipitation 
of uranium from acid leach solution of the ores ' ' . 
The chief uranium producing countries of the world are the 
U.S.A., Canada, South Africa, Nigeria and Australia. Total 
world production of uranium is about 30,000 tonne per annum, 
though these are predictions that this could increase 
considerably by the end of this century.
Uranium is recovered from the host mineral by leaching 
and subsequently the pregnant solution is clarified and 
purified using either ion exchange, liquid-liquid extraction 
or both processes in series. Pregnant solutions often contain 
less than 1000 ppm uranium as U^0 g and in the treatment of 
low-grade ore deposits this could be in the region 150-250
ppm U O . Purified products using both ion exchange and ^^ 3 8
solvent extraction can produce a product concentrate containing
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about 95% by weight U-^Og.
The leaching is carried out using either sulphuric acid 
or alkaline solutions of sodium carbonate/sodium bicarbonate 
depending on the mineralogy of the ore. Acid leaching 
dissolves many elements besides uranium which are present 
in the ore body. Effective separation is possible from most 
impurities because uranium forms complex anionic species in 
sulphate solutions. Most of the other elements in the 
pregnant solution, apart from Fe , form cations and therefore 
do not interfere with the separation process. The sorption of 
uranium from solution by a strong base anion exchange resin 
of the macroreticular type. Equally effective for sorption 
are weak base tertiary amine-type resins. Hot or cold sulphuric 
acid is the preferred eluant, however, nitrate ions or chloride 
ions can be used though these are less acceptable from an 
environmental point of view. Leaching with alkali requires 
that the uranium exists in solution in the oxidised state. 
In order to prevent the pH rising to a value in excess of 
7.2, where the uranium will precipitate, sodium bicarbonate 
is used to buffer the hydroxide formed. The anionic U02 
(CO.,).,4" complex will interact with an anion exchange resin
J ~J
in an identical way to the sulphate complex. Elution is 
usually performed with sodium chloride.
2.3.7 MISCELLANEOUS
This sub-section covers metal removal and recovery from 
various waste streams and the use of various ion exchange resins
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Early work by Berg and Truemper (45) on the separation of 
zinc, cadmium and mercury in aqueous and partial nonaqueous 
media has shown that the metal ions can be resolved as their 
anionic chloro complexes by an ion exchange chromatographic 
procedure. The metal chloro complexes were adsorbed from a 
0.01M hydrochloric acid solution by an anion exchange resin 
Dowex 1, in the chloride form. Zinc and cadmium were eluted 
separately in that order with 0.01M HC1. Mercury then was 
removed with a 0.01 M HC1-0.1M thiorea solution. Resolutions 
were enhanced by the addition of a non-aqueous component to 
the 0.01 M HC1 eluting solvent. The methods were simple and 
did not require a regeneration of the resin because the 
sample solvents and eluting solvents were hydrochloric acid 
mixtures and the resin was used in the chloride form.
Natural waters contain trace metals like Pb, Cu, Cd, Zn, 
Mo, and U. These can be absorbed by anion-exchange resins 
if they are negatively charged complexes . There are 
several studies describing the use of these resins in columns 
to collect trace metals. The metals are stripped from the 
columns by reagents like 6M HC1. Selective absorption is 
achieved by adding an appropriate complex-forming reagent to 
the water before it is passed through the column; for example, 
Pb, Cd, and Bi are absorbed by a strong-base anion exchange 
resin from a solution 0.15M in HBr, while Zn and Cu are not 
absorbed. Selectivity is also achieved in the elution step.
Waitz carried out work on the removal and recovery 
of heavy metals by ion exchange. Using Amberlite DP-l(Na), 
heavy metals such as zinc and cadmium were removed without
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removing the alkaline earths such as calcium from a lagoon 
of one million gallons of acidic waste water with the 
composition = Calcium 391 ppm , Magnesium 350 ppm, Zinc 91 
ppm, sodium 57 ppm Manganese 3.5 ppm, Cadmium 0.12 ppm, and 
Nickel 0.12 ppm. The principal anion was sulphate, although 
quantities of chloride and bicarbonate were also present. 
Total dissolved solids were 3550 ppm and the pH was 4.7. 
Regeneration was accomplished with 4 Bed volumes (BV) of 
1 N-HC1 followed by 4 BV of deionized water. The acid waste 
regenerant was treated with lime to precipitate the heavy 
metals as insoluble hydroxides and oxides. In this case 
the lime dosage had to be sufficient to reach pH of greater 
than 10 to effect the maximum precipitation of zinc and 
cadmium. The supernatant liquid from the precipitation step 
was recycled to the waste lagoon since the zinc concentration 
exceeded 0.5 ppm. The sludge was burried in a suitable land 
fill.
Ion exchnage resin and equipment costs were less than 
#3,000. Regenerant requirements were 200 pounds of acid per 
cycle with 225 pounds of sodium hydroxide per cycle required 
to return the resin to the sodium form. There were 38 cycles 
to treat the entire 1 million gallon lagoon. The entire 
operation was carried out at a cost was less than #10,000 
in 1975 exclusive of labor. This included equipment start- 
up costs and the required analytical work. Considering the 
fact that during rainstorms this lagoon would overflow into 
local stream and cause water pollution, it was worth while. 
In addition, the treated water was suitable for use in spray
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irrigation.
Amberlite XE-279, an acrylic strong basic anion 
exchange resin was used by Avery and Waitz (48) , to remove 
cyanide from waste stream. After the cyanide complexed by 
the addition of ferrous ion, the waste stream was passed 
through a sand filter to the ion exchange vessels. The 
vessels were operated in a 2-bed "merry-go-round" mode.
The regeneration was effected with a total of 4 BV of 
15% NaCl at a flow rate of 2 BV/hr. The first 2 BV eluted 
> 95% of the adsorbed cyanide and were discarded. The 
second 2 BV completed the regeneration by eluting the last 
traces of cyanide from the bed. To minimize the volume of 
spent regenerant the last 2 BV were diverted to a recycle 
tank for reuse.
Following laboratory studies on a number of cyanide- 
containing streams, field studies were conducted and a pilot 
plant was set up to treat a waste stream which had varying 
concentrations of ferrocyanide and ferricyanide. The pilot 
plant consisted of a 2" diameter column containing 1,200 ml. 
of resin. The waste stream contained Fe, Cu, Al, Ni, Zn, 
Na, F, P, CO-,, TDS, and SCN. The concentration of Zn was 
0.05 ppm and that of total cyanide was in the range 100-700 
ppm. The pH of the waste stream was 10.5.
Quarm ^ recovered copper from mine drainage water by 
ion exchange. A carboxylic ion-exchange resin (Amberlite IRC 
50) was employed to adsorb copper selectively from mine waters 
containing 0.15-0.30g of copper and 1.5-3.0g of iron per litre, 
In the laboratory, resin in the sodium form adsorbed over
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90 percent of the copper and only 4 percent of the iron, 
but a further 12 percent of the iron was precipitated in 
the resin bed. Elution with sodium chloride solution 
recovered the adsorbed metals, and dilute acid dissolved 
the precipitate to form a middling product that could be 
recirculated.
At the field station, no iron was precipitated in a 
larger bed of resin in the calcium form, and the adsorbed 
metals were recovered with dilute acid. Here, treatment 
of a water containing 0.14g of copper per litre produced 
a solution containing 6.02g per litre. Exploratory tests 
indicated that refined copper powder could be extracted 
from the solution by electrolysis. Along with copper and 
iron, zinc, arsenic and sulphuric acid were present at 
concentrations of 0.2 - 0.4g, 0.01 - 0.03g and 0.0 - 0.5g per 
litre respectively and the pH was 2.8 - 4.0.
The advantages of using ion exchange to recover chromic 
acid from wastes generated during the anodizing of aluminium, 
chromium plating and copper stripping over a chemical 
disposal method have been reported by Paulson . In 
these aforementioned processes, chromic acid becomes 
contaminated with metallic cations, lowering its effectiveness 
and requiring replacement as a certain amount is lost through 
dragout on the surface of the work. The wastes resulting 
from these sources have always been an expensive nuisance. 
A variety of disposal methods have been considered and 
installed, however, ion exchange process eliminates stream 
pollution and return the chromate in usable form to the
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treatment tank. The system consists of a cation exchanger 
(Permutit Q) to remove metallic cations from the strong 
chromic acid anodizing solution and an anion exchanger 
(Permutit S) to recover the chromate from the dilute rinse 
solutions.
The advantages of using ion exchange process are:
(1) Initial and installation costs are reduced by 50%.
(2) Operating costs are lowered by 75%.
(3) Approximately 80% less floor space is required.
(4) Reduces consumption of strategic materials by 90%.
(5) Reduces water and steam consumption by 85%.
(6) Insures better plating and anodizing efficiency.
(7) Higher quality finished product is assured.
A new process for the separation of iron from solutions 
of cobalt and other base metals using recently developed 
resins, the methyl and ethyl esters of Poly (iminoethenedithio 
carboxylic acid) has been developed by Birch and coworkers ' . 
This resin is capable of selectively removing ferric iron from 
cobalt solution. Solutions of copper sulphate and ferric sulphate 
of 0.1M were passed through the resin bed and hydrochloric acid 
or 0.2M EDTA solution were used as elutant. Fe was stripped
^\
fairly rapidly from the resin whereas Cu was more difficult 
to elute, needing stronger hydrochloric acid (3M), a longer 
elution time and a higher elution volume. Sodium hydroxide 
was used to regenerate the resin to Na-form.
Hirsch et al prepared two macroreticular chelating 
ion exchangers, one contains the iminodiacetate group and 
the second contains the arsonate group as the ion exchanging 
site.
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Chromatographic separations on the new resins are rapid and 
sharp. The selectivity order for the iminodiacetate resin 
is K+<Mg2+<Ca2+<Mn2+<Ni2+<Co2+<Zn2+<<Cu2 + . The 
selectivity order for the arsonate resin is Mg2+<Ca2+<£ 
Mn2+<Co2+< Ni 2+<Zn2+ < Cu2 + .
Sziden and Fritz^ 53 ^ studied the elution of Fe3+ , 
U6+ , A1 3+ , CU2+ , Zn2+ , Cd2+ , Ni 2+ , C02+ , and Sn4+ with 
sulfosalicylic acid, HC1, and HF or HF-NaF mixtures from 
an iminodiacetate-type chelating resin.
The application of ion exchange process to metal ion 
removal and recovery has been discussed above, however, ion 
exchange has other applications such as sugar refining, 
nicotine recovery, sorbitol desalination, and amino acid 
recovery and separation. An excellent paper by Gold and 
Calmon^ 54 ' reviews the application of ion exchange process 
with emphasis on food, energy, resource recovery, and 
pollution abatement applications.
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2 ' 4 THE KINETICS AND MECHANISM OF ION EXCHANGE
The theory of ion exchange kinetics is well covered in 
a book and in a publication by Helf f erich^ 55 ' 56 * and will 
not be repeated.
A review on ion exchange kinetics studies has been 
given by Gupta and S treat (57 ^ covering the period 1969 to 
1974. The review is confined to studies using strong acid 
exchangers, with no complexing reactions.
The kinetics of Na + , Cs + , Zn++ and y+++ were studied 
by Soldano^ . The self-diffusion coefficient of Na+ at 
10% crosslinking was higher than that for Zn* + and Y+++ and 
the activation energy when Zn++ was present increased from
5.2 kcal/mole at 4% crosslinking to 10.0 kcal/kg-mole at
1 58 ) 
24% crosslinking. The author also found that the capacity
of the resin and the ionic environment of the exchange
system strongly influenced the ion exchange rate.
( 591 . 
Boyd and Soldano ; determined the self-dif fusion
coefficient of nine cations in sulfonated polystyrene-
divinylbenzene type cation exchangers as a function of
(59) 
temperature and polymer cross-linking. The authors
observed a strong dependence of the diffusion coefficient 
on the formal cationic charge at all cross-linkings : In
>~j , _ Q
Dowex-50 at 25°C values of 2.88xlO~ for Na , 2.89x10 for
+ , 3.l8xlO~ 9 for Y +++ and 2.15xlO~ 10 for Th++++ ion were 
reported. Increased cross-linking resulted in a sharply 
lowered self-diffusion rate. The coefficient at 25 C for 
Zn+ + 1% DVB was 1 .06xlO~6 compared with 2.63x10 cm /sec.
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in a 24% DVB exchanger. The activation energies were 
temperature but not charge dependent, increased with 
crosslinking from 4.7 to 10.0 kcal/kg-mole.
In an earlier paper by Boyd et al^ 60 ^, the activation 
energy for particle diffusion was suggested to be higher 
than for the film mechanism (5-10 kcal/kg-mole for 0.1M 
solutions). The authors (60 ^ also observed the following:
(1) The rate of the exchange adsorption of alkali metal
cations (Na , K , Rb and Cs + ) by the resinous zeolite 
Amberlite IR-1 can be described by equations on the 
basis of a diffusion mechanism or according to a 
bimolecular chemical rate process on the law of mass 
action.
(2) The rate was governed by diffusion through a liquid 
film at the periphery of the particle with solutions 
of 0.003M or less and controlled by diffusion in and 
through the adsorbent particle with solutions of 0.1M 
or greater.
(3) The primary factors determining the nature of the rate 
controlling mechanism were shown to be distribution 
constant (D ) and the particle radius (rQ ). Large
values of D and/or small values of r favor a rate c °
determined by film diffusion, if the temperature and
flow rate are kept constant.
The effect of the electric potential produced by 
diffusion in ion exchange kinetics was examined by Schlogl 
and Helfferich for the film diffusion controlled exchange 
of monovalent ions, Li + for H + . The authors*1 ' have shown
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that, rather than resulting in a minor correction, the 
electric field as a rule makes an essential contribution 
to the process.
Extensive experimental rate data using a single particle 
radioactive tracer technique for the component binary systems 
and the ternary systems Mn-Cs-Na, Ba-Mn-Na and Sr-Mn-Cs- 
Dowex 50W-x8 for the cases where particle diffusion is rate
controlling have been obtained by Gopala Rao, Bajpai and
(f~>2. \ 
Gupta . The Nernst-Planck equations were used to describe
the ion exchange kinetics. Under unfavourable equilibrium 
conditions, this model can not disregard the effect of liquid 
film resistance when correlating either binary or ternary 
diffusion. Incorporation of the film diffusional effects 
enabled satisfactory correlation of all the experimental 
data and even in cases where the fit was not perfect, the 
theoretical approach adequately interpreted the trend in the 
results.
Turner et al measured the interdiffusion coefficient 
in Zeo-Karb 225, 8% DVB, ion exchange resin for the exchange 
of H + and Na + ions from 0. 1M solutions. The variation of 
the interdiffusion coefficient with resin composition was 
determined by the authors^ ' and the results were in good 
agreement with the Nernst-Planck model for diffusion in 
ion-exchange resin.
A theoretical model based upon irreversible thermodynamics 
for the description of ternary ionic diffusion rates inside 
ion-exchange resins has been proposed by viswanathan and 
workers . The model was in good agreement with the
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experimental rate data obtained with the single-particle 
method for the Ba-Sr-Na-Dowex 50W-X8 systems in chloride 
solutions of 0.1N. Viswanathan and workers {64) also 
suggested that the single-particle method (which measures 
the concentration history of the resin phase directly) can 
be useful for measurement of ternary rate data in ion- 
exchange resins.
Hering and Bliss reported observations on the rate 
of ion exchange in Dowex-50W resin. Ion pairs Na-Zn, Na-Ag, 
Ag-Al, Zn-Cu, Zn-Al, Al-Ce were studied under solid diffusion 
control. The effects of temperature and of resin cross- 
linkage were studied with the first system. Exchange in 
both directions was studied for each pair except the last.
The diffusion coefficients were obtained for each pair 
using Pick's law and were greatly dependent on the direction 
of the exchange as well as on the particular pair. The 
diffusivities of each ion were obtained using Nernst-Planck 
model and were greatly influenced by the nature of the second 
ion except in the case of sodium. Numerical solution of the 
flux equations was obtained for valence ratios of 1/3 and 
2/3 with diffusivity ratios 5, 10, and 20 and for valence 
ratios of 3 and 3/2 with diffusivity ratios of 1/5, 1/10, 
and 1/20.
The activation energies for either model were reported 
to be 4 to 6 kcal/mole and the diffusion values decreased by 
80% when the resin cross-linkage increased from 4 to 12%. 
The authors also recommended Fick's law for design 
purposes because of its simplicity.
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Single particle ion exchange data for systems: Zn-Zn, 
Cs-Cs, Na-Na, T-Zn, Na-Cs, Rb-Cs, Na-Cu, and Na-Ba were
/
obtained by Van Brocklin and David (66) . Using the isotopic
data, a single particle j factor curve for mass transfer
with no ionic migration was developed. The isotopic results
were compared with ion exchange results and indicated that
the mass transfer rate (or coefficient) differed by 50% or
more. The authors^ ' were not able to select the best
mass transfer model, but attempted to predict the mass
transfer rate for (Ag-H, Cu-H, and Na-H), from the available
literature. The validity of the method was indicated from
fair agreement between predicted and experimental results.
The authors also discussed several methods for treatment
of laboratory single particle data particularly velocity
normalized plotting is useful for determining the presence
of internal resistance. The significance of variable coefficients
on breakthrough curves were also discussed.
Pan and David carried out experiments to determine 
which, if any, of the models proposed by Van Brocklin and 
David is most appropriate for predicting the liquid 
phase, packed bed, exchange rates with ionic migration effects 
included. The single- particle method was used in exchange
of Na + and Ba++ , both radioactive, with H + in both directions
2 with the flow rate being 2-60 gpm/ft . The laminar boundary
layer model described the liquid-phase exchange rates the 
best in the Reynolds No. range 3-120. Using this model with 
the model of Helfferich and Plesset (1958) for the internal 
mass-transfer rate enabled the excellent calculation of the
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overall ion exchange rates. This approach requires only
self-diffusivity data for the ions, equilibrium data, and
a generalized j-factor correlation for packed-bed mass transfer,
The rates of both the liquid-phase mass transfer and 
the internal-diffusion steps in ion exchange were studied 
by means of shallow-bed experiments by Selke et al^ 58 ^. 
The mass transfer coefficients obtained fitted the general 
correlations for other packed-bed operations when the 
Schmidt group was evaluated with experimentally determined 
ionic counterdiffusivities. An incremental calculation of 
the diffusion rates within the particles yielded a value of 
the counter-diffusivity in the resin phase. The authors^ ' 
proposed a general design procedure based on these findings.
The counterdiffusivity for Cu++-H + and Ag +-H + at 25°C were
-5 -52 reported to be 0.80x10 and 1.74x10 cm /sec. respectively.
The self-diffusion coefficient for Cu -H -Amberlite 120,
_ /- o
8 to 10% DVB was 1.1x10 cm /sec. Copper sulphate of 0.05N 
was used.
Giovanni et al obtained rate equations for an ion- 
exchange system with 3 heterovalent counterions, considering 
that both liquid and particle diffusion affect the mass- 
transfer rate of the process. The Nernst-Planck model was 
applied to the ion exchange system strong cationic resin and 
seawater or its concentrated brines. The results of the 
authors^ 69 ^ which were obtained through the kinetic model 
and those derived by Donnan's hypothesis equilibrium theory 
were consistent. Using mass transfer coefficients from 
literature gave concentration profiles which were in good
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agreement with the experimental breakthrough curves.
A method for calculating the constant diffusion 
coefficient in particle diffusion controlled ion exchange 
has been developed by Lee^ 70 ^. The method seems to be 
adequate in spite of its theoretical dependence on ionic 
concentration as defined by Nernst-Planck equation. The 
diffusion coefficient is a function of the degree of exchange 
and a corrective scheme for such an effect is given. The 
rate constant for empirical rate equations was calculated 
by defining the adequate average particle size of a group 
of particles.
The rate of removal of oxalic acid from glycol solution 
was studied by Tien and Thodos ' using the ion-exchange 
resin Permutit SKB under the control of the combined liquid 
and resin phase resistances. The equilibrium relation for
the system fitted a Freundlich isotherm equation over the
3 
concentration range 0-0.12 meq. of oxalic acid/cm . Liquid
film and diffusion coefficients were experimentally determined
and the breakthrough curve predicted.
(72) • • 
Oleinik and Korshunov v investigated the kinetics of
ion-exchange of labeled Zn++ and Pm+++ in the initial stages 
of the process using resin in H-form and 0.00245N solutions 
of ions at 19 + 1 °C and pH 1.6 for exchange times of 5-50
seconds. Initially the rate follows a complex law and after
(72 ) 
a certain time interval it becomes constant. The authors
also observed that in the initial stage of sorption some 
factors hinder diffusion, the effect disappeared or diminished 
as a certain amount of ions were adsorbed on the resin. With
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the help of ultrasonics Oleinik and Korshunov (72} found 
that the diffusion process produced an increase in the 
initial rate of sorption with a clearly shown minimum surface
and bulk processes being considered separately. The authors
(72)
experimental results were in good agreement with the
theoretical data.
Two approximate analytical solutions of the Dranoff 
equation (which includes both concentration and potential
gradients) were suggested by Petrova and Lifshits^ 73 ^. The
(73) authors" experienced a difficulty in the application of
the Dranoff equation to evaluate the influence of individual 
factors on the ion exchange kinetics. The mathematical 
treatment was tested on the exchange of methylene blue (I) 
on the Na -form of carboxymethyl cellulose under static 
condition at initial concentration of 1^.1.5^.10 N. The 
agreement between experiments and theory was good over the 
entire xa range (0-0.55) but with the simplified solution of
f\
the Dranoff equation, good agreement was obtained only at
xa ^ 0.25. The rate constant of the iodine sorption increasedA
with the stirring velocity, with the amount of ion exchanger 
in the system, and with the temperature. The activation 
energy was 3.8 kcal/mole (film diffusion controlled process). 
Kawazoe et al ̂ ' applied RosenSanalysis to the exchange 
of Na24 at the bed of a Na -Na isotope cation exchange resin. 
Kawazoe et al^ 74 ^ found that the intraparticle diffusivity 
was constant and was not affected by the liquid concentration
  £» 9and resin particle size. A value of 1.2x10 cm /sec. at 
20°C was found for Amberlite IR-120 with particles of 0.090cm.
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in diameter and the activation energy was 5 kcal/mole.
Dickel and Koerner {75) suggested that the kinetics 
of ion exchange is not adequately described by Pick's law 
with a concentration dependent diffusion coefficient. For 
the reversible reaction, the authors (75) found different 
diffusion coefficients at small concentration changes.
The kinetics of the ion exchange reaction of K + with 
Cd in a phenolsulphonic acid resin membrane was studied 
by Hermann et al using a new polarographic method. The
diffusion coefficients of Cd++ within the membrane were
  ft 2 determined to be 2x10 cm /sec. at ionic strength of 1.0
£- f~\
and 1x10 cm /sec. at ionic strength of 0.1 . In both cases 
DCcJ/DK = 0.5-0.2. The results were in good agreement with
the theoretical values obtained using Nernst-Planck relations.
(77) Dranoff and Colwell ' investigated the effects of
slightly nonlinear equilibrium and axial dispersion on the 
performance of a packed bed ion exchange resin using dilute 
aqueous solutions of acetone and ethylene glycol. The authors
' emphasised that using a linear model will give a false 
estimate of the intraparticle diffusivity of the solute 
within the resin beads, thus a computer model was developed 
which gave a close agreement with data.
The mass transfer of ions at a liquid film resistance
( 78 ) on a resin surface was treated theoretically by Kataoka
Ions having various diffusion coefficients necessitate the 
concentration of the gradient due to electric potential, in 
addition to the conventional concentration gradient. Nernst- 
Planck equations were modified to account for particular cases
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where the concentration of the external solution was either 
constant or variable and a simplified discussion on the 
case where the diffusion coefficient in the resin phase 
has to be taken into account.
In another publication by Kataoka et al^ 79 ^ theoretical 
equations for the rate of ion exchange were derived using 
Nernst-Planck model for the diffusion of an ion in the 
aqueous phase. The rate of ion exchange was measured in 
simple anion exchange systems with a jet apparatus. The 
results of the rate measurement indicated that the rate was 
not affected by the non-counter ion (e.g. Na + or Zn++ or Zn++ 
in an exchange system Cl p* No3 or Cl~5*ACo ), and can be 
expressed by quantitative theoretical equations taking into
account the electric field when the diffusivities of counter
(79) 
ions are not equal. The authors also observed that the
rate of ion exchange was decreased with an increase in the 
diffusivity ratio and the degree of this effect may increases 
with an increase in the equilibrium constant.
Nativ et al ' determined the kinetics of ion exchange 
processes accompanied by fast chemical reactions and 
characterized by a sharp moving boundary between the reacted 
shell and the shrinking unreacted core within each ion- 
exchanger bead. Protonation of the carboxylic ion exchanger 
Amberlite IRC-50, PdCl4~~ - Cl~ exchange on the strong-base 
anion exchanger Amberlite IRA-401, and chelation of Cu on 
the chelating ion-exchanger Dowex A-l were investigated. 
Nativ et al^ analyzed the rate data with the theoretical 
model and found that all 3 processes were controlled by the
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rate of diffusion of the ions penetrating the reacted layer. 
Diffusion coefficients were determined from the graphical 
representation of the proposed model.
Equations for the calculation of diffusion coefficients 
and breakthrough curves were developed by Froelich^ 81 ^ for 
the case Of internal diffusion as a step determining speed 
(gel kinetics) in ion exchange column including parameters 
such as concentration, time, throughput, quantity of exchanger 
radius of particles, characteristic constants loading and 
dynamic cases. The equations were tested for Sr-cation 
exchange on KU-2, and for Na-cation exchange on a sulphonated
styrene-divinylbenzene polymer.
( 82 ̂ 
Kataoka et al developed a model for intraparticle mass
transfer of ion exchange coupled with instantaneous irreversible 
reaction and theoretical equations were derived assuming 
that the reaction plane arises in the resin phase and that 
the Nernst-Planck equation is applicable for the flux of 
counter ions and colon. Comparison was made between the 
numerical solutions of the model and Nernst-Planck model 
without reaction. The model was supported by experiments in 
cation and anion exchange systems.
A method for approximate solution of kinetic equations 
of ion exchange on a complexing ion exchanger was proposed by 
Chmutov et al^ 83 ^. The method is illustrated on RNa-Ni 
exchange at a constant diffusion coefficient.
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2 - 5 THE RATE OF ION EXCHANGE
The effective rate of ion exchange is determined by 
one or more of several diffusional steps. The performance 
of equipment containing large number of particles will depend 
both upon local particle behaviour and upon the size and over- 
all arrangement of the apparatus-whether countercurrent, 
fluidized bed, fixed bed, or batch. The design methods 
applicable to fixed bed equipment are given in this section. 
Design informations are obtained by solving the concentration 
history or breakthrough of column effluent.
Amongst the established theories is the Thomas solution 
which is used widely for design purposes. It takes into 
account the curved shape of the equilibrium relationship, 
which has an important bearing on the shape of breakthrough 
curves . Thomas ' assumed that the rate of adsorption 
can be represented by an expression suggested by the 
stoichiometry of the monovalent ion-exchange reaction
Na+ + RH    * H + + RNa
The expression in square brackets is called the "kinetic 
driving force" and < is the corresponding "kinetic coefficient" 
The rest of symbols are defined in nomenclature. His solution 
can be expressed as
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£=________J(n/K » -^___________ (2}
o J(n/K, nT) + (l-J(n, nT/K)}exp((1-K' 1 )(n-nT))
3= ____________ l-J(n/K. nT)_________________ 
qm j(n/K, nT) + (l-J(n, nT/K) )exp( (1-lT 1 ) (n-nT))
where




T=   - = moles introduced with feed/moles needed toqmPe x
saturate bed to distance x.
t 
nT~     = dimensionless time
A
t is the time following the arrival of a fluid particle, 
equal to (t -   ), u is the velocity of fluid in interstics 
of bed and e u is the superficial fluid velocity.
Table given in Sherwood et al ' lists values of the
( Rfi ̂
J function and a program developed by Tan evaluates the 
J function using HP-25 programmable pocket calculator. 
Numerical values of J have been listed by Hougen and 
Marshall (87) .
/ Q O \
Gilliland and Baddour derived an equation for the 
rate of ion exchange in a rather different form given by
= *( C(l-C) - - (CQ - C))
where the rate constant k, is
k = ——————-————————— (5) 
+ <C o/KV
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where Q/l^ is liquid side resistance and CQ/K\^ is solid 
side resistance.
The integrated form of equation (4) is
1 - E(x/x ) 
In ————————— £ — = KCt (6)
- (x/xe )
where
E= A+ x - 1 
a b e
2ab - x (a+b)
C= —————— - ——— 
x e
and x = concentration of H + in solution
xg = concentration of H+ in solution at equilibrium 
a = initial concentration of Na in solution 
b = meq. of H in resin initially per cc. of solution 
t = time
Equation (4) expresses the rate of exchange in terms of 
average concentrations in the main body of the solution and 
in the ion exchange particles. In the derivation of the 
equation some important assumptions were made and these are 
summarized here:
(1) Equilibrium exists at the interface.
(2) The factors limiting the rate of ion-exchange are those 
which limit the rate at which ions are transported to 
the interface between the ion exchanger particle and 
the liquid, by whatever mechanism this transport is 
accomplished.
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(3) For either phase, this transfer may be described by a
rate equation of the form:
/
Rate = k A(C - C.)
/ 
where X = mass transfer coefficient; A=area; C=concentration
in bulk phase of material being transferred; and C.= 
concentration at interphase of material being transferred.
/ QQ \
The authors v ' applied the above method to the exchange
~t- + of Na for H on Dowex 50 in NaCl solution of concentrations
between 0.001N and 0.1N and have found that:
(1) The rate constant for ion exchange in a packed bed is 
not a function of bed height or bed diameter (except 
as this affects solution flow rate) so long as the 
column diameter is sufficiently greater than particle 
diameter-approximately twenty times as great.
(2) Both the resistance in the liquid phase and the resistance 
in the solid phase are important in determining the total 
resistance to ion exchange in the range of concentrations
(0.01-1.ON), particle diameters (0.022-0.1005cm), and
3 flow rates (0.0207-2.32 cm /sec.) tested.
(3) The concentration of ion in the exchanging solution
affects the value of the rate constant, and this effect 
can be predicted with a moderate degree of success.
(4) The elution curves for the exchange of H in solution
for Na+ on the resin can be predicted successfully from 
the rate data for the exchange of Na in solution for H 
in the resin.
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Gilliland and Baddour (88 > correlated their results with 
an equation, which summarized all the data on rate constants 
determined from the exchange of Na + in 0.1 N-NaCl solutions 
for H in deep beds of sized spheres of Dowex-50 for a 
range of particle diameters (0.022 - 0.1005 cm), column 
heights (12 - 50cm.), and two different column diameters 
(1«5 - 3.0cm.). The equation is of the form:
— — ————————— • -——————™—— •—-~- • — —•— _l_
kd Re ' + 0.049
The authors^ ' also used the Thomas equation^ 84 ) to 
predict the breakthrough curves and have shown mathematically 
that equation (2) tends toward constant-pattern or proportionate 
pattern behaviour in the limit <:x/ue becomes very large.
Kelly et al tested Thomas equation ' for the exchange 
of Na"*" in O.lN-NaCl and l.ON-NaCl with H + on Dowex 50W-X8 and 
have indicated that the assumption of constant-pattern conditions 
for favourable equilibrium is not generally valid. Solution- 
side mass transfer rates appeared to be affected by bed depth. 
Neither Thomas equation 1 , nor its proportionate pattern 
limit for an unfavourable equilibria, satisfactorily described 
their results for elution processes where the hydrogen ion 
was involved. This was attributed to marked variations in 
selectivity during the course of breakthrough. The authors 
utilised a hybrid computer to simulate their experimental 
results and recommended its use since factors such as varying 
selectivity and diffusion coefficients, axial dispersion and
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resin swelling were taken into account.
Breakthrough curves for the exchange of Na + ions in 
O.lN-NaCl in glycerol-water mixtures for H + ions in a fixed 
bed of Dowex-50 resin for Reynolds numbers from 0.01 to 2 
have been obtained by Nutt et al (90) . Solutions containing 
up to 75% by vol. of glycerol and having viscosities up to 
30 cp at 25 C were used. The total resistances to mass- 
transfer were calculated from the slopes of breakthrough 
curves and values of the liquid film resistance were estimated 
by the method of Gilliland and Baddour^ 88 ^. The values of 
the liquid film coefficient were correlated with flow rate, 
solution viscosity, and ionic diffusivity by the equation
k dj / DT = 0.5 x Re0 ' 83 x Sc°' 75 (8) j_i p LI
The authors ' found that the diffusivity, DT , decreased
J_t
with increase of the viscosity and that the exponents of the 
Reynold and Schmidt numbers differed from those values 
generally accepted to hold for other mass-transfer operations 
in packed beds and those which were also predicted by boundary 
layer theories.
Shallow-bed techniques were employed by Bieber and
( 91 )coworkers , to study the rate mechanisms for silver- 
hydrogen on Amberlite IR-120 cation-exchange resin. The 
authors' ' found that both liquid and solid diffusional 
resistances were significant under the conditions studied 
and the effect of chemical kinetics was negligible. The 
liquid-phase mass transfer coefficients varied as the 0.56
-50-
power of the velocity and inversely as the particle diameter 
and were independent of CQ <0 .003-0 .06 N-AgN0 3 ) . Bieber and 
coworkers (91) fitted their rate results with an empirical 
overall equation of the form:
- (1 - Bq/Q )(C/C0 - cVco ) 
where
B = an empirical constant. 
Y = volume of liquid through bed.
V = volumetric liquid-feed rate (column flow rate). 
fc-pS = liquid-phase mass transfer coefficient. 
(The rest of symbols are defined in nomenclature).
The difficulty in developing exact mathematical formulas 
for conditions of practical interest in the operation of
ion exchange columns has led to the introduction of "exchange
( 92 ) 
zone" method by Michaels . The portion of the bed considered
the exchange zone is that in which the feed concentration is 
reduced from 95% of the influent value to 5%. The method is 
based on the fact that for exchange with favourable equilibrium, 
the exchange takes place in a band of nearly constant length 
which moves down through the bed as it is being saturated. 
The exchange zone is a moving frame reference which can be 
regarded mathematically as a continuous system in which resin 
and liquid flow countercurrent to each other. The assumption 
is made that a steady-state process is taking place within 
this moving zone.
The height of the exchange zone, h z> from C/CQ=0.05 to 




_ = h —
z
h ^——S.
1 ' 2 
where
h = total bed height
F = fraction residual capacity of exchange zone 
VZ = volume °f effluent collected between C/C =0.05 and
C/CQ=0»95. 
VT = volume of effluent collected upon exhaustion.
Zone height is correlated by Michaels ' with superficial 
liquor velocity for the exchange of Na+ with H+ on Dowex 50 
by the equation h = 37.4 u (11)
with h z in cm and u in c m/s
and the overall liquid mass transfer coefficient is correlated
by
KLa = 0.86 u£* 50 (12)
( 92 } Michaels ' also derived the following equation for
the determination of number of transfer units
K a h S 2
NTU = L T Z = ~r ln(19r - ln(19) (13) LJ A—I
L is liquid flow rate, K is the equilibrium constant, and 
S is the cross-sectional area of the column. 
The height of transfer units is given by
HTU = h /NTU (14) z
Michaels ' found that useful exchanger capacity 
decreased with increasing liquor velocity and decreasing bed 
height and that exchange rate increased with increasing liquor 
velocity but was unaffected by bed height. Zone height was
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proportional to the square root of liquor velocity suggesting 
that liquid film diffusion was the controlling step in the 
system NaVH +-Dowex-50.
Later, a new equation for the determination of zone 
height was introduced by Moison and O'Hern^ 93 ^, which is
, V C hz= z
S(Q +eC o)
and the rate at which the exchange zone moves down through 
the bed is
LL C
zQ+eC \ J-u; 
o
(93 } The authors v ' studied the exchange of 0.01 and 0.1N-
NaCl with H-form Dowex-50 resin. The analysis of many data 
has shown an effect of the ratio of bed depth to the particle 
diameter on the height of transfer units. The final correlation 
is linear plot on log-log coordinates of
.2/3 / , xO.28 , „
vs '
P L p
The bed depth was reported to influence to some degree 
the HTU which was attributed to longitudinal mixing.
The effect of resistance to diffusion in the resin on 
the height of a transfer unit based on the liquid film was 
found by plotting HTU vs. the concentration for a given flow 
rate. Each plot was linear, however, the resulting values
of the solid phase resistance depended on the 0.3-0.4 power
( 93 ) of the flow rate. The authors ' suggested that a greater
proportion of the surface of the particles was available to 
the solution as the flow rate was increased.
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Moison and 0'Hern tyj) also investigated the reverse 
exchange, hydrochloric acid with the sodium resin, for which 
the equilibrium is unfavourable. The results were compared 
with those predicted from the theoretical equation of Goldstein, 
which is based on equilibrium operation. While the results 
were in fair agreement, the differences between the curves
indicated the existance of diffusional resistance.
(94) 
Lukchis proposed a method for analysing breakthrough
data. Based on the mass-transfer-zone concept, column height 
and diameter can be calculated. The method is simple and 
effective for considering rate phenomena in fixed-bed adsorption 
systems. It is particularly amenable to rapid determination 
and correlation of rate data and to simple design procedures. 
Simple breakthrough curves provide the data required for the 
correlation of rate data in dynamic systems and the basic 
equation used for analyzing these data is given by
- 8,
LUB is the length of unused bed, LQ is the total length 
of adsorbent bed, 0, and 0. are the breakthorugh time and
D S
stoichiometric time respectively.
In the derivation of equation (17), the following 
assumptions were made:
(1) The bed is uniformly packed
(2) The adsorbent temperature and initial adsorbate loading 
are uniform throughout the bed
(3) The feed rate, feed temperature and feed composition 
are constant
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(4) There are no radial temperature, concentration or flow 
rate gradients
(5) The temperature of both the fluid and adsorbent are 
essentially equal
(6) The fluid does not undergo a phase exchange
(7) Adsorption heat effects are negligible
(8) Chemical reactions do not occur.
The above method was applied by Moseman and Bird' ' 
for the comparison between molecular sieve and silica gel
in the desiccant dehydration of natural gasoline. The authors
(95)' have found that the LUB at the same superficial velocity
was shorter for silica gel than for molecular sieve and have 
concluded that for the same length of bed, the potential 
capacity of the field desiccant vessel was higher for silica 
gel than for molecular sieve.
f Qp. \
Gondo and Kusunoki ' have described a technique for 
calculating the number of theoretical stages required for 
mass transfer achieved in a fixed bed operation. The authors 
^ ' assume that mass transfer is so rapid that equilibrium 
is achieved instantaneously in each stage. The bed is 
divided into N stages of the same depth, containing a volume 
of Ah of liquid and AH Of resin. The feed solution is 
considered to flow in units of Ah. For stage n and feed 
portion r a mass balance on a stage incorporating e and the 
equivalent fractions x and y gives;
ec xr_ + (i-t) Qyr~ l = ec x^ + (i-o Qy^ ( 18 )
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where Q is the total ion exchange capacity of the resin, and 
C^ the total cation concentration of the liquid.
For a uni-valent/di-valent ion exchange system with 




Equations (18) and (19) were simultaneously solved by 
those authors by successive numerical computation for values 
of x and y at given n and r. Values of t , C , Q, N and K 
were known and in addition, initial boundary conditions of 
the form,
x° and y° = 0 , n = 1,2, —————— , N
The theoretical breakthrough curve was obtained by
„ / Q/- \
plotting ^ (= x ,) against r, whereas the authors 
experimental curve was plotted against V.
The method was employed to systems of Na -H and Ca 
H + exchange using Amberlite IR-120. Gondo and Kusunoki^ ' 
have found that N depended on the ion exchange system (i.e. 
N is larger for Na+-H + than Ca ++-H + at the same concentration 
and flow rate), on the concentration of the liquid phase (N 
is larger for 0.1N than IN), and on the liquid flow rate 
(N decreased with increasing flow rate).
The validity of the method was proved by comparing the 
values of HETP based on N thus obtained and those of HTU 
obtained independently of N.
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The above method was tested by Slater and 
for conditions of extraction copper ion from very dilute 
solution of copper sulphate/sulphuric acid with the value
of CQ less than 0.01 N under very favourable equilibrium.
(97) Slater and Zumer have indicated that under those conditions
the computation was very sensitive because of the very low
(97 ̂ initial liquid concentrations. The authors ' also
encountered another important problem concerning the difficulty 
of distinguishing between breakthrough curves for different 
values of the number of mixing cells and did not recommend 
the method for the extraction of divalent ions from a very
dilute solution with resin holding a monovalent ion. In a
(98 ̂ recent publication by Slater , the method of Gondo and
Kusunoki ' was reported to be applicable to the exchange 
of ions of equal valence.
Breakthrough curve in ion exchange between divalent 
and monovalent ions under liquid-phase diffusion control 
including the effect of the electric field has been studied 
by Kataoka and Yoshida^"^. The authors^ ' suggested that the 
breakthrough curve could be obtained from approximate solutions 
for irreversible equilibrium, K(Q/CQ )=oo, (namely C /CQ=0) if 




y = 6 3 T 6xp(-
x = y = exp |6$( T - £ ) -lj >
1/63 S T < > + (1/66) (21)
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x = y = 1 , £ + (l/6p) 4 T (22) 
where
x = C/CQ , equivalent fraction of ion in the liquid phase. 
Y = q/Q » equivalent fraction of ion in the solid phase.
k = liquid-phase mass transfer coefficient with electric 
field.
kQ= liquid-phase mass transfer coefficient without 
electric field.
£ = (Sh /Re Sc )(h/dp )
T = ko ((t-hE/u^/dp) (Co/Q)
When the above equations were applied to the ion 
exchange systems R-Na-Zn(N03 ) 2 » R-H-Zn(N03 ) 2 and R-H-Ba(NO_J 2 , 
resulted in good agreement between theory and experiment.
More recently Liber ti and Passino ' suggested an 
idealized model for cyclic operation of fixed-bed ion exchange 
processes with favourable and unfavourable equilibrium 
conditions. The model views the fixed bed as a continuous 
system in which the solid and fluid phases flow countercurrently 
to one another at their respective average concentrations.
Once the operating line and equilibrium lines for a 
given ion-exchange operation have been determined, the method 
allows fixed bed performances over a wide range of operating 
conditions to be predicted and the basic kinetic parameters 
for bed design can be calculated with acceptable precision.
In addition to two major idealizations inherent in the 
model, the authors introduced the following simplifications:
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(1) Constancy of liquid phase flow rate and of total 
concentration of both phases
(2) Uniform saturation of the fixed bed
(3) Uniform fluid distribution (no channelling) in the column
(4) Negligible composition gradients in the intraparticle
liquid.
Liberti and Passino^ °°' expressed the exchange rate 
of film-diffusion controlled process with the use of linear 
driving force theory for liquid-solid mass transfer kinetics 
as
^ = KLa £ (x - x*) (23)
KL is the liquid phase mass transfer coefficient and a is
the particle surface per unit volume. C is the total solution
concentration.
The continuity condition in mixed feed system is expressed 
by
yo dx = XQ dy (24)
The authors suggested that by solving equations 
(23) and (24) simultaneously and evaluating the corresponding 
linear driving forces graphically from proper O.L and E.L, 
the breakthrough curves for exhaustion and regeneration can 
be calculated.
Design method for fixed beds had for some time been under 
evaluation by Vermeulen and Hiester . In their 
paper^ 101 ^, techniques for handling the full range of possible 
rate mechanisms were included. Chemical reaction, external 
diffusion, internal or pore diffusion, and longitudinal 
diffusion or mixing-all can be treated.
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Rate relationships were represented in the form of 
heights of transfer or reaction units. The authors* 101 ^ 
made use of data from the literature and correlated the number 
of transfer units with the Peclet group, which is expressed 
by ^ dpULe/'6DL^ 1 ~ E ^ ' A mechanism parameter was defined and 
used to correct for internal diffusion resistance.
The resulting predictions of breakthrough curves for 
fixed beds were presented on a generalized plot of effluent 
concentration, x, vs. solution-capacity parameter, N_Z, for 
Nf values of 20, 40 and 80 and r values of 0.5, 1, and 2.
The calculation of the number of transfer units, N , 
from fixed-bed data is possible from a figure of effluent 
concentration, x, at r=l, vs. throughput ratio Z for different 
values of N. An alternative procedure is to use a cross-plot 
of Z-l vs. r at different values of ND , number of reaction.K
units. Vermeulen and Hiester pointed out the manner 
in which the slope of a breakthrough curve at the point of 
50% leakage characterizes the curve. In cases where pore 
diffusion was an important resistance, this was only 
approximate, but the use of the mid-point slope in analyzing 
data still was convenient.
The authors demonstrated the utility of their results 
for calculating such aspects of bed performance as resin 
utilization, regenerant efficiency, and bed leakage. The 
inclusion of modifications of the calculation for beds which 
are partially presaturated removes one of the major barriers 
in applying this work to the design of industrial ion 
exchange units.
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In an earlier paper by Hiester et al (104) interpretive 
techniques for nonlinear equilibrium cases where the rate is 
controlled by a combined diffusion mechanism are provided. 
The techniques can be applied whether or not the value of the 
equilibrium constant is known.
A completely general correlational method was derived 
for adding the mass transfer resistances under conditions 
of nonlinear equilibrium. The authors^ 104 ' evaluated 
published breakthrough results from numerous sources and from 
their measurements using the techniques and determined the 
numerical constants for the general correlation
h = 0.29 (Pe )°' 5 + 0.06 (Pe ) (25 )
S d b £ b e D D /DT V ' c p s p L
where:
S = column-capacity parameter for the kinetic case 
b = correction factor for computing reaction-kinetic
coefficient 
D = partition parameter, or ratio of concentrations in
S
resin phase and solution phase at saturation
D ,D = fluid and solid phase diffusivites 
P / dD°L p upe = Re • Sc = 6?i-os y— -^7
In the derivation of equation (25), the authors 
made use of the following rate equations for external (fluid- 
film) and internal (particle) diffusion respectively
dg = kf a _L_ ( c _ c . ) (26)
di PB i
dg = kp a ( qi - q ) (27)
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Hiester et al also suggested that for external 
diffusion controlling, the total ionic concentrations and 
flow rates must be low. For a constant pattern breakthrough 
curve, the value of the separation factor, r, must lie 
between zero and unity and usually between zero and 0.5.
Fleck et al presented numerical solutions of 
the equations describing adsorption (or ion exchange) in 
fixed-bed columns for various combinations of mass-transfer 
resistances under constant pattern conditions. Breakthrough 
curves were developed for pore, solid, and external diffusion 
acting separately and in combination for adsorption equilibrium 
described by the Langmuir or Freundlich isotherms.
The concept of a final-form front advancing down an 
exchange column at high rates of flow has been satisfied 
experimentally by Lapidus and Rosen . Data for the 
exchange of Na + (0.08-0.173N-NaCl) with H* on Dowex were 
reported and the experimental conditions were chosen so that 
liquid film-diffusion was controlling. The authors have 
found that the rate of diffusion was first order with respect 
to the bulk concentration and to the equilibrium concentration 
of liquid on the outer surface of the solid. The following 
equation was used for the reversible rate step (liquid film 
diffusion and a langmuir isotherm):
F (c,q) = k, (c-q/QU-q)) (28)
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2 .6 CONTINUOUS ION EXCHANGE EQUIPMENT
The need for countercurrent equipment for ion exchange 
particularly but also for adsorption processes has been 
recognised for many years. A large number of contractor 
designs have been proposed but very few have met with any 
degree of commercial success.
Water treatment, uranium extraction from ore slurries 
and gold extraction are amongst the main topics of interest.
There is no one simple criterion for choosing continuous 
rather than fixed bed ion exchange but low annual costs and 
reliable operation are important factors. High flows of 
solute, the cost or difficulty of filteration, the cost of 
chemicals, the plant reliability, height and area restrictions 
and hold-up of high value solutes all affect the matter.
The design of continuous countercurrent ion exchange 
systems require close control over resin flow rates and column 
inventories, avoidance of excessive damage to resin, hydraulic 
properties of resins in the design of fluidized systems 
(particle size, densities, terminal velocities, fluidization 
characteristics), equilibrium and kinetic data, and flow 
patterns for scale-up.
This section is concerned mainly with several major types 
of continuous contercurrent resin ion exchange equipment 
now used on a large scale. Other designs are briefly discussed,
Several reviews on continuous systems have been published. 
Hiester and Phillips ° ' reviewed industrial applications 
and techniques in 1954 and Hutcheon in 1955 summarised
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a few available designs, Lauer^ 109 ^ reported in 1956 on 
the mechanical features of a larger number of contactors 
and Poole in 1959 described more recent developments. 
Slater reviewed the problems concerned and methods of 
resolving them and also compared the effectiveness of the 
design types in 1969 and in 1981, Slater^ 112 ^ reviewed the 
industrial applications and particularly recent experience 
of plants used for water treatment and uranium extraction.
2.6.1 MOVING BED SYSTEMS
2.6.1.1 Chem-Seps or Higgins contactor'1 '
The apparatus consists of a vertical column with 
appropriate tappings for feed and product solutions. A 
resin overflow pipe leads from the top of the column through 
an overflow valve, usually open, into another column along­ 
side the first, bearing a valve, which is closed during normal 
operation. The two columns are joined at the base. The 
solution flows in the first column are stopped after a period 
of several minutes, and the settings of the two valves reversed, 
Hydraulic pressure is then suddenly applied to the top of the 
auxiliary column so that the resin moves downwards, and up 
the main column. Some resin passes into the overflow pipe, 
where it is retained by the overflow valve. The two valves 
are returned to their initial settings, allowing the over­ 
flowing resin to fall into the auxiliary column, where it may 
be washed, and the solution flows are then restarted, usually 
ten seconds is sufficient for this operation.
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The advantages of such a system are that the solution 
downflow may be large; the arrangement of the resin particles 
is substantially the same throughout the cycle; and that the 
product flows are almost continuous.
Plants installed since 1958. Applications to water 
softening, de-alkalization, demineralizing, NH4N03 recovery, 
N03 removal, gelatin treatment, chromate recovery, KNO 
recovery, phosphoric acid purification, molybdenum and 
uranium recovery.
Units with extraction sections up to 2.44 m diameter
and regeneration columns up to 1.07 m have been constructed.
3 2 
Liquid velocities from 70 to 200 m /m hare used for liquid
film rate controlled processes. Resin damage is less than 
25% pa for cation, 35% pa for anion, gel or macroporous, 
depending on process conditions. The maximum pressure to 
drive the resin is about 120 psi (830 kPa) and the downtime 
of 5 to 7% pa is average.
2.6.1.2 Asahi Equipment
The Asahi Chemical Industry Co., in Japan, developed a 
continuous ion exchange process for the recovery of copper 
from a waste spinning solution in a rayon plant. pilot plant 
tests were then made with this design in the refining of 
sugar juices, in water softening and dimineralizing. Later 
some large-scale continuous plants were installed in Japan
and recently in the U.S.A., United Kingdom, France, Argentina
, • (127) 
and Australia
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The apparatus uses three vessels called service, 
regeneration and rinsing. The process is actually 
intermittent. The adsorption cycle begins with the vessel 
absolutely full of resin, so that vhen service begins, on 
upflow, the bed can not break up or circulate. The pressure 
in the unit forces exhausted resin lying at the bottom of 
the vessel to pass on to the next stage, thus creating a 
water space under the working bed. After a relatively long 
service period, raw water flow is stopped, and a rapid 
downflow is induced in the vessel. This brings the resin 
column to the bottom of the vessel so quickly that the bed 
does not have time to break up, and the stratification of 
fresh and exhausted resin is preserved. At the same time, 
regenerated resin fills the water space now created at the 
top of the vessel. When this is full, the adsorption cycle 
begins afresh. The regeneration of the resin takes place in 
a vessel which operates in exactly the same way, but is 
typically tall and thin. The stages are connected via hoppers, 
each of which fills itself automatically under the static or 
pressure head in the preceding unit. The resin is therefore 
never pumped, but moves quite slowly and gently. No valve 
closes on resin or has to operate in chemical solutions. 
The technique is therefore not only very simple, but is very 
reliable in operation and leads to minimal resin attrition
losses.
Mixed bed plants have been built for a wide variety of 
water treatment which require a resin separation column and 
separate regeneration columns. Although performance has been
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good, attension to strainers and valves seems required^ 112 ^.
2.6.1.3 The Avco system^ 12B ^
The Avco system is a truly continuous moving bed 
system consisting of one column which contains three different 
types of zones: reaction, driver, and wash zones. The 
reaction zones consist of the exchange zone and the regeneration 
zone where the liquids move countercurrent to the motion of 
the resin bed. Two driving zones are used in series to keep 
down the absolute pressure level in the column, the driver 
liquids are treated in the primary zone and the feed in the 
secondary zone. The wash and separation zones are inserted 
between the exchange and driver zones. The resin bed is 
driven downward, with the liquids entering or exiting under 
different pressures at screened ports located along the 
column. These screens retain all but the smallest beads 
and provide a mechanism for removing resin fines and particulate 
matter. The velocity of the liquid in any section between two 
adjacent ports controlled independently of those in the other 
section by regulating the pressure differential across the 
section, while the resin bed motion is controlled by a metering 
device at the bottom of the column.
No large scale industrial units have been built to date
suggesting that the design is too complex and operating
. . ^ (112) conditions too severe
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2.6.2 FLUIDIZED BED SYSTEMS 
2.6.2.1 Cloete/Streat/NIMCIX^ 129" 132 ^
This is a multistage fluidized bed containing perforated 
distributor plates and no downcomers. The hole size in the 
plates is greater than the maximum resin particle size. 
Countercurrent flow of resin is achieved by controlled 
cycling of the liquid feed. In this way, a precisely 
determined fraction of the resin holdup per stage can be 
transferred. In practice, it is desirable to transfer the 
entire resin holdup per cycle. The regeneration is carried 
out in a separate column similar to the adsorption column 
but of smaller diameter. No valves are used on resin flows 
and a small number of automatic valves is required. Attrition 
losses of a few per cent pa have been recorded. Resin is 
elutriated from column but is recovered for re-use with screens,
This system has been developed for application in the 
uranium industry and the greatest advances have occured in
South Africa (132) .
3 2 
Typical liquid velocities are 13 to 15 m /m h for
uranium processing; anion resins are used and the mass 
transfer rate is in part controlled by diffusion in resin 
beads. The nominal operating voidage is 0.7 and columns with
diameters up to 4.85 m have been built to process 272 m /h each 
(112)
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2.6.2.2 Himsley System^ 19> l 33 ^
The Himsley design of multistage fluidized bed column 
system has been adopted on a large scale for uranium 
extraction in Canada, U.S.A., and South Africa (112) .
Liquid flow during extraction is continuous. In the 
extraction column a central liquid feed point for each stage 
induces circulation of resin and liquid such that conditions 
may be considered well mixed. Resin is transferred by 
abstracting liquid from an empty stage and pumping into the 
stage above so that resin is transferred through the centre 
feed passage to the stage below. This method of resin 
transfer ensures constant hold-up in each stage and 
controllable average resin flow rate. Resin is moved upwards 
in a packed bed regeneration column in a periodic manner. 
Downflow regeneration avoids bed expansion and the eluate 
being more dense than the eluant (in the case of uranium), 
minimal axial mixing is suffered. Rinsing is done at the 
top of the elution column or in a separate vessel.
Extraction columns with diameters of up to 4m processing 
210 m3/h are operating in South Africa. Valves and strainers 
are used on every stage and the operating procedure requires 
automation.
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2.6.2.3 Porter/Rossing System^ 134 ^
Though most fluidized bed development is in the form 
of vertical columns it is also possible to operate the system 
in a series of horizontal tanks. Possibly the largest 
continuous ion exchange plant in the world operate at Rossing 
uranium mine in Namibia* 19 '. This plant, designed by Porter, 
comprises an array of horizontal inter connected tanks, each 
acting as an effective fluidized bed. The resin beads are 
progressively moved from tank to tank by air-lifts in
countercurrent to the flow of pregnant solution. The total
3
pregnant flow to the plant is about 3500 m /hr and each
contacting tank is 6 m square by 3.5m deep. The initial 
plant had 4 lines of 5 contacting tanks in each. Careful 
design of resin traps has been included in the plant; these 
comprised a sophisticated rotating trommel and this has now 
permitted a sixth contractor to be installed in each line. 
Civil engineering costs tend to be high and the resin 
and liquid distributors are expensive; the use of gravity 
liquid flow would be preferable as used in a separate plant 
at Rossing used for tailings pond treatment
2.6.2.4 Slater/CANMET System 5>
This is simple fluidized bed vertically partitioned to 
reduce axial mixing. The resin is transferred by vacuum. 
Pilot plant, 0.76 m by 4 m extraction column was tested by 
Slater et al^ 13 in Ottawa, Canada, for uranium removal from
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mine water. They concluded that it is possible to build 
a large multi-section plant for the removal of uranium, but 
Beaverlodge mine water had high chloride and calcium and 
this led to high process costs because of the need to remove 
the calcium.
A review on the pilot-plant development of processes 
for the treatment of base metal mine water, cyanide waste 
water, uranium leach liquor and uranium mine water using 
the concept of single-stage fluidized bed continuous ion 
exchange is presented by Lucas^ '.
2.6.2.5 USBM column ( l 37 - 138 ' 139 )
This was developed in the U.S.A. by the U.S. Bureau 
of Mines. It is a multistage countercurrent fluidized 
bed contactor and operates by controlled cycling. In many 
respects it is similar to the Cloete-Streat contactor and 
differs only in plate design, mode of solid transfer, and 
resin withdrawal. This column has all the advantages of 
a multistage fluidized bed and has found application for 
uranium recovery at various locations in the U.S.A.
The resin transfer system to a continuous elution 
column is based on ejectors, drum screens and vibrating 
resin feeders. For extraction of 1 Kg/m U30g an extraction 
specific flow of 23.4 m/h is recommended , for elution 
4.7 to 7 m/h.
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2 -6.2.6 Svinton/Weiss contactor ( 14° *
This is a vertical multistage fluidized bed contactor 
containing perforated distributor plates and downcomers. 
Ion exchange resin is supported on the distributor plate 
in the no-flow condition and during upward flow the particles 
passed over a weir and into the downcomer. Resin is moved 
in downflow from stage-to-stage and can be removed from the 
base of the column. The concept is feasible in principle,
however, the operation of this column and others like it is
(19) hydraulically unstable . Control of resin holdup and
by-passing of the pregnant feed were problems. Start-up 
was not easy since the pressure drop in the downcomers was 
invariably less than through the resin bed and thus by­ 
passing was readily initiated.
2.6.3 PULSED BED SYSTEMS 
2.6.3.1 Arden column (141 ^
This is a simple type of pulsed column. Periodic 
fluidisation induced by pulsing or vibrating the contents 
of the column permits the same liquid flow rates as in moving 
beds at lower pressure drop and allows the free passage of 
turbid liquids. The flow of solids is much more easily 
obtained since intraparticulate friction is lessened 
periodically. A good distribution of liquid and solids is 
maintained across the contactor and pulses of 10 to 200 per 
minute are used.
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2 •&.3.2 Grimmett contactor/ 142 ^
This is a multistage contactor consisting of one column
with five contact stages. ion exchange resin flow rates up
2 to 150 Lb/hr. ft and calcined Al.,0- flow rates up to 300
2 
Lb/hr. Ft were reported while feeding H2 0 at rates up to
2 2000 Lb/hr. ft . Stage efficiencies of greater than 27 to
62% were reported for the systems Cu-Na and Cu-H at a cationic 
concentration of 0.1N. Sulphate was the common ion in the 
first system and nitrate ion in the second system. The 
internal diameter of the column was 2 inches. Pulses of 
600 per minute were used.
In general, the operating efficiency is poorer than 
in a moving bed but the operating conditions are less demanding 
and the overall system probably less complex '.
2.6.4 FIXED BED SYSTEMS 
2.6.4.1 Barnebl/Riker equipment^ '
This is an annular cylindrical ion exchange reactor, 
divided into a large number of segments by radial walls and 
rotating about a vertical axis. Each segment drains through 
an individual pipe to a common circular channel in a fixed 
plate on which the reactor compartment rotates. This 
channel is blocked by bridges corresponding to the number 
of operations (feed, regenerant, wash, etc.), the angular 
separation of the bridges being adjustable to suit the process. 
Pipes between the bridges lead off the various streams as
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required. Feed streams are brought in above the reactor at 
fixed points, the angular separation of which is adjustable 
to match that of the take-off arrangements in the lower 
channel. Thus, in turn, each segment passes under the 
feed stream, where it receives a charge of feed, this charge 
being drained away under partial vacuum while the segment 
moves round to the first washing stream, and so on until 
the cycle of feed, wash, regenerant, regenerant wash and 
backwash is complete.
Such a device allows the relative quantity of the 
exchanger on each part of the cycle to be adjusted to meet 
the requirements of the process and it also avoids the 
difficulties associated with short cycle times in cyclic 
column systems. The resin is undergoing exchange for a 
higher proportion of the cycle and is therefore being more 
efficiently used.
The equipment described, however, is mechanically 
complicated and it seems probable that only in large scale 
operations would the saving in resin costs justify the 
capital expenditure
(144) 2.6.4.2 Porter/Arden equipment
This was developed in the late 1950's and was adopted 
in the uranium industry in the Blind River region of Ontario, 
Canada. Here, exhausted resin was transported to an empty 
conventional column by hydraulic conveying. The resin was 
then backwashed and transported to a bank of elution columns,
-74-
fresh resin having previously been transported to a vacant 
extraction column. The movement of resin around the fixed 
bed installation was essentially countercurrent though the 
process was not fully continuous by modern standards^ ^.
2.6.5 STIRRED TANK SYSTEMS
I 1 4^\2.6.5.1 Collier system 1 ;
The solutions to be treated with mixed resins are mixed 
in agitators or mixer-pipe sections and the slurry is passed 
into one or more centrifuges which separate the resins from 
the solution and from each other, using density differences 
for this purpose. Alternative methods of separating the 
resins such as rake-wet classifiers, dry classifiers or 
sieves are described which utilize differences in size or 
shape as well as, or in addition to, differences in density, 
to separate the resins. The patent specification, however, 
gives no guidance on how the regeneration would be accomplished,
^ (146)2.6.5.2 SRI contactor
Stanford Research Institute has developed a batch 
contactor on small pilot plant scale that combines both 
agitation and filtration in the same unit and thus does not 
require movement of the resin, with possible resultant 
attrition. It can be used as a single unit, or group of the 
mixer-settlers can be operated in a countercurrent fashion 
by automatic cycling and sequencing techniques.
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SRI's individual mixer-settler consists of a tank with 
a perforated plate near the bottom to retain the resin, and 
a top and bottom outlet fitted with three-way plug valves. 
Considering the operating steps in sequence, the tank, 
containing a given amount of exchange resin, is initially 
empty of solution. To start the cycle, a definite amount of 
contacting solution is pushed into the mixer-settler by gas 
pressure. The gas flow, passing through the solution, agitates 
it and assists in bringing about equilibrium between resin and 
solution. Finally, the gas flow is reversed so that the solution 
is forced out of the tank and the resin freed of interstitial 
solution. The sequence can then be repeated.
This device can be regenerated in a similar manner, 
using elutant instead of feed.
Stirred tank systems performance probably does not 
justify their complexity ' and they are more than twice 
as expensive as the corresponding fixed or moving bed 
apparatus
2.6.6 MISCELLANEOUS EQUIPMENT
At Stanford Research Institute^ ' continuous 
countercurrent ion exchange was carried out in a glass 
column 4 in. in diameter. Two rotating valves were invented 
for dewatering and metering the resin to and from the column. 
Countercurrent was achieved by passing the liquid up the 
column and the resin was passed down. Contact between the 
two phases occured in a dense bed of resin, moving as a piston
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through the column. The upper valve continually supplied 
resin to the top of the moving bed while the lower valve 
withdrawed it at the same rate, maintaining a constant bed 
height.
Resin entering the rotating valve was retained on a 
perforated glass disk at the midpoint of the bore. Free 
solution drained through the disk. As the bore passed under 
the air inlet, air pressure was applied by means of a cam- 
actuated solenoid valve dewatered the resin by forcing the 
interstitial solution through the disk. When the bore became 
aligned with the outer, wash solution displaced the resin and 
carried it out as a slurry. Any residual wash solution was
forced from the bore by air pressure.
(149) In Germany, a patent claimed that liquids can be
passed downward through a cylindrical vessel packed with 
ion exchange resin supported by an impermeable strong 
membrane. The membrane is alternately blown upward and with­ 
drawn pneumatically in a pistonlike movement at regular 
intervals, and fresh resin is introduced at the bottom, while 
used resin is withdrawn at the top.
Baddour invented a continuous ion exchange apparatus. 
A continuous bed of ion-exchange material in the form of a 
circle, mounted so that it rotates about its axis, moves 
between the treating zone and the regeneration zone; wash 
water is introduced between the two zones to maintain a pressure 
sufficient to prevent intermingling of the treated fluid with 
the regenerative solution.
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LomonosovU:3l) invented a method for continual renewal 
of ion-exchange materials and a continual decanting of used 
solution. A reservoir of solution is maintained at a 
constant level. it is fed into the column, which is divided 
into sections, which are shaped like small cones. These hold 
the resins and are continually refreshed by resins from 
another reservoir. The decantation rate is held constant by 
a glass tube which acts as a siphon.
A new process has been developed in Germany by Schuetze 
and Wetzel in which the solid phase consists of several 
separate moving containers of packing and are open at both 
ends. The containers move upward, countercurrently to the 
liquid which trickles down. Regeneration and washing occur 
as the containers move down (to complete the cycle) at a 
lower rate. The movement can be continuous or stepwise. 
The authors claimed that this method reduces mechanical 
breakage of packing, enables greater throughput, and has 
lower pressure drop than a single conventional column. The 
principle was demonstrated by separating Co-Ni solutions 
with granules (0.6-1.0 mm. diam.) of a cation resin in 1, 3, 
6, or 10 containers 13 cm. long x 2 cm. internal diameter. 
The optimum number of containers was found to be 3.
Japan Organo Co. ' patented an apparatus for continuous 
ion exchange treatment by a countercurrent process. The 
apparatus consists of one or more ion exchange units. An 
ion exchange resin is introduced into the system from above 
and sent to the lower part through a jet feeder by spraying 
a liquid through the feeder, which results in improving the
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mixing effect between the resin and the solution to be 
treated. The solution is supplied from the lower part and 
sent to the upper part through a side path.
An apparatus consisting of two columns was invented by 
Yokozeki et al . in the first column, fresh ion exchange 
resin moves downward countercurrent to the solution to be 
treated. At the base, the spent resin is collected and 
transferred to the top of the regenerator. The regenerator 
column is divided into two parts, the upper one for 
regenerating, and the lower for washing the resin. At the 
base of the regenerator, the resin is transferred to the top 
of the first column. In both columns, devices are provided 
to ensure uniform passage of the resin and the liquid.
Bachelart described an ion exchange apparatus wherein 
the liquid to be purified flows through successive ion exchange 
columns. Each column may contain more than one ion-exchange 
resin and can be separated as inert layers. The columns are 
regenerated countercurrently and after regenerating and 
rinsing the resins, the liquid is removed by a flow of air. 
Water can be demineralized by leading it downwardly over a 
column, charged in the upper part with a carboxylic ion- 
exchanger and in the lower part with a sulphonic acid exchanger 
Next, the water goes through a column with a moderately basic 
ion-exchanger, and after elimination of C02 over a strongly
basic resin.
Fedulov et al developed a continuous adsorption 
column with a compressed layer of circulating ion exchanger. 
This layer is dry, compressed resin which is positioned above
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the liquid overflow and replenishes the resin carried out 
with the liquid overflow. The method was adopted to a 0.5 m 
diameter column packed to a height of 2 m with a type KU2 x 
8 (0.3-0.8mm.) cationic resin. The apparatus handled 
continuously 300 1/hr. of solution at resin flow rate of 
150 1/hr. Solution velocities were limited to 3 m/hr.
An apparatus for continuous ion exchange processes 
was patented by Goetzmamr ' . The apparatus consists of 
two columns with ion exchange material. The material moves 
downward whereas the solutions to be treated move upward 
through the columns. There are no valves in the column and 
tubes that are passed by the exchange material.
Shah et al obtained ion exchange data in a fluidized- 
moving bed combination that has no supporting sieve or 
screen and in which the solid particles are continuously 
circulated between the fluidized and moving beds.
Waste water from fertilizer plant was treated by Arion 
' using a moving bed system. This consists of two 
vertical parallel tubes with their bases connected by a curved 
tube. Each tube contains a valve at the lower end. One of 
the tubes has an enlarged portion, just above the valve, in 
which the ion-exchange treatment takes place and an upper 
portion that holds regenerated ion exchanger. The other tube 
has a lower portion in which regeneration takes place and an 
enlarged upper portion in which the regenerated ion exchanger 
is washed. These two portions are separated by a valve. A 
smaller tube is connected to the upper end of the first 
vertical tube and passed through the upper end to a point
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near the lower end of the enlarged washing portion. This 
connecting tube contains a valve. The ion exchanger is 
transferred intermittenly when it has reached a certain level 
of exhaustion.
Broughton et al ' studied the extraction of p-xylene 
in a unit which completely reproduces the continuous, 
simulated-moving bed, commercial mode of operation. The 
technique consists essentially of simulating the movement of 
solids past fixed points of liguid feed and withdrawal, by 
moving the positions of feed and withdrawal around a stationary 
bed. Solid and liquid are conveyed substantially continuously 
and countercurrently to each other.
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2 .7 DESIGN OF MOVING BED SYSTEMS
An indication of the data necessary, and of the various 
steps in the solution of any design problem has been discussed 
by Pools , but the theory involved was not covered. The 
design methods applicable to truly and semi continuous 
moving bed systems are reviewed below.
Slater suggested that continuously moving packed 
bed systems used under conditions of liquid film diffusion 
rate control can be designed on a basis of transfer units 
using the equation
h = NTU x HTU (29)
The author also indicated that if the bed is moving 
intermittently, a more complex computer calculation developed 
by Gondo can be used and a comparison of the two 
calculation methods would be useful.
Gondo derived a difference equation for the material 
balance of fixed bed operation by assuming that ion exchange 
column consists of equilibrium stages and also graphical 
and numerical methods for solving the equation were obtained. 
Gondo ^ has shown that the concentration distribution of 
the moving bed operation can be obtained for the steady state 
by applying the numerical method. Concentration distributions 
were obtained for contacting volume ratios of fluid and ion 
exchange resin, using equilibrium relation of the ion 
exchange of Na and H on a strongly acidic cation exchange 
resin. The results showed that the concentration distribution 
was pushed to the end of fluid outlet as the ratio of contacting
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volume of fluid to that of exchange resin increased, the degree 
of ion exchange of the fluid can be determined for a given 
ratio of contacting volume since the concentration of exit 
fluid is fixed corresponding to the steady distribution of 
the concentration. Each concentration distribution gives its 
number of the exchange zone stage, accordingly, a given 
contacting volume ratio has its own number of the exchange 
zone stage and its own exchange degree of the fluid phase. 
The results were correlated graphically by plotting the ratio 
of number of equilibrium stages occupied by the ion exchange 
zone in the moving bed operation to that in the fixed bed 
operation against the degree of ion exchange of fluid. Gondo
'also suggested that the graphical correlation may be 
useful for estimating the exchange zone height of the moving 
bed from that of the fixed bed.
A design theory on kinetic and equilibrium considerations 
for countercurrent ion exchange under trace conditions was 
developed by Hiester and coworkers^ ' . Equipment was 
designed to provide continuous countercurrent contact between 
a moving bed of ion exchange resin and the solution to be 
treated and was evaluated experimentally by the separation 
of trace ions Li, K and gross ion H.
The authors suggested the following equation for 
computing the number of overall mass transfer units using 
a dynamic method
E , E(l-y) khSe / o \
E and Y are defined in nomenclature.
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By using an equilibrium method, the authors (148) have 
obtained the following relation for calculating the number 
of equilibrium stages
c 
The ratio between NTU and N is given by
NTU E InE , , 0 . 
FT = ~E^T- (32)
The authors have correlated their results graphically 
using an equation which relates the height of a transfer 
unit to the operating variables and the characteristics of 
the resin-ion system. The equation is of the form
HTU _ h 
d NTUdp
it r d R~ i1-6 P F 
:(Re.Sc)°' 5 (6(l-e)SDL J
i A a F d R 11 °- 6 P P
+ E (l-e ) L6(l-e)SD J
P
All symbols are defined in nomenclature and the following 
simplifications were made:
(1) The equilibrium line is linear.
(2) The resin and solution entering and leaving have 
constant flow rate and constant composition.
(3) Steady state conditions.
(4) The equilibrium method assumes that the section is 
made up of a finite number of equilibrium contacts 
similar to plates in a distillation column. 
In another publication by Hiester et al , the design
of moving bed is outlined. This involves the use of relations
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(30) and (33) for evaluating the number and height of 
transfer units respectively. The column diameter is 
selected from the linear solution velocity and the volumetric 
flow rate of the solution, with E and the volumetric flow
rate, R , the required resin flow rate, R , is calculated
P
from
M R P^ Q
Hutcheon discussed the design methods for continuous 
ion exchange. In all three methods were outlined, the first 
and second concern the determination of the NTU by the 
conventional graphical integration and the number of 
equilibrium contacts using a McCabe-Thiele diagram. The 
third method is for the special case where one ion is present 
only in trace concentration with respect to the other (an 
equivalent fraction less than 0.1), permits the use of a 
simplified analytical approaches. Solutions may be obtained 
in terms of the Kremser equations
N -f 1
C - CM E -E
_o ——— N_ = ——— —— (35)
N + 1
CQ- (q/K) E C -1
Nc 
q - q E - 1
(36)
N + 1 
E C
Equation (35) with the assumption that the resin entering 
the column is initially free of the ion to be absorbed 
simplifies to
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N + 1 
C Q E - 1
~ = ~T~=~I ———— (3?) 
All symbols are defined in nomenclature.
An analysis for predicting the performance of the AVCO 
continuous moving-bed ion exchange system and detailed 
design calculations are presented by Gold and Sonin^ 128 ^. 
Emphasis is placed specifically on predicting the characteristics 
of the regeneration zone because the volume of this zone 
essentially determines the volume of the entire system 
because of the slow kinetics associated with particle diffusion 
as compared to film diffusion. The effect of resin bed 
volume flow rate on chemical efficiency is also presented.
The volumes of the regeneration and exchange zones 
can be computed using the following equations
VRZ = VRZ CoRF (C/C0 )/Qfcp (l-x3 ) (38)
f <39) 
and the ratio is given by
V™ is dimensionless volume of regeneration zone, x^ is RZ __ -^
equivalent ionic fraction of regenerant feed, (EZ is 
dimensionless length at equilibrium ( = NTU) , the rest of 
symbols are defined in nomenclature) 
The resin bed volume flow rate is calculated from
p
where,
c o VC/CO )/Q «RZ (I - V (EFF)
-86-
CXRZ = is the slopeof regeneration zone operating line = C RRRQRP
EFF = is the chemical efficiency which is the ratio of
the total equivalents of ion removed from the feed to 
the total equivalents of regenerant ion in the regenerant 
solution. 
The authors^ ' observed the following points:
(1) The volume of the regeneration zone is directly proportional 
to the total number of equivalents to be removed and 
inversely proportional to the rate constant for particle 
diffusion.
(2) High chemical efficiencies can be obtained if the
regeneration zone is operated in such a way that the 
slope of the operating line is close to the value of 
the regeneration isotherm at x=l.
(3) The efficiency is insensitive to values of VRZ greater 
than 15 to 30, while the product effluent concentration 
is insensitive to values of (EZ greater than 5.
(4) The volume of the regeneration zone is greater than
the volume of the exchange zone.
Broughton et al ' studied the extraction of p-xylene 
from its mixtures with other C Q - hydrocarbons by adsorption 
from the liquid phase in the laboratory and also in a unit 
which completely reproduced the continuous, simulated- moving 
bed, commercial mode of operation.
The authors^ 160 ^ derived the following relationship 
by assuming that axial mixing is absent, equilibrium line is 
linear, y = Kx, and transfer rate is directly proportional to
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a driving force expressed as Kx-y.
HETP . i_ ( m_l2_m ) (42)
where:
HETP = height of equivalent to theoretical tray. 
L = Liquid flow rate. 
K = equilibrium distribution, y/x. 
y = concentration in pore liquid. 
x = concentration in void liquid. 
k = mass transfer coefficient, 
m = adsorption factor = SK/L. 
S = pore circulation rate.
At reasonable operating conditions, the bracketed term 
in equation (42) is close to unity and in low-selectivity 
systems, K does not depart greatly from unity, therefore 
equation (42) is approximated to
HETP = L/k (43)
The authors ' compared the results of the continuous 
system with that of fixed bed operation and found that the 
continuous system required only 1/25 of the adsorbent inventory 
required in the fixed bed system. At the same time, the 
desorbent circulation requirement for the continuous system 
was about one-half of that for the fixed bed system.
Higgins and Roberts conducted the separation of 
Li-Na on the resin Dowex SOW-XL2 in the H-form in a moving 
bed contactor which was developed by Higgins and described 
in the previous section.
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The Fenske equation for total-reflux was used to calculate 
the number of theoretical stages
H = c, N - T - S (44) 
where,
a = Li-Na separation factor which was assumed to be 
constant = Li-Na ratio in the solution phase/Li- 
Na ratio in the resin phase when the phases are in 
equilibrium.
R = enrichment factor = Li-Na ratio in the solution 
phase at the point of interest/Li-Na ratio at the 
feed point.
The following equation for calculating the height 
equivalent to a theoretical stage was derived by Higgins 
and Roberts^ 114 )
H.E.T.S = *" an . (45) K.( ct — i )
k is empirical rate constant.
Fixed bed data was used to calculate the HTU and k by using 
the following assumed rate laws
dx 1 (x - x) / 46) 
dz HTU
and
dx k (a y (l-x)-x(l-y) ) 
dz
x = equilibrium value of x corresponding to y. 
x = Li-mole fraction in the solution phase at the same point, 
y = Li-mole fraction in the resin phase at the point of 
interest in the Li-enriching section.
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The following equation was also derived by the 
authors* 114 ^
k (a-i) z = lnR ( 48 )
(z = distance from the feed point to the point of interest). 
A graph of log Li/Na vs. distance down a continuous column 
was plotted with the data falling on a straight line.
Two rate relations for a continuous differential moving 
bed unit were reported by Vermeulen et al^ 10 '. The reaction- 
kinetic form and the external transport form. The rate 
equation and the driving force for the reaction-kinetic are 
given by
= _L_ _J*2L_ (49) 
dtp A dtfa
dY _ k (x(l - Y) - RY(1 - X)) (50) 
dt
The column height is determined as a function of the proportion 
X . of unsorbed feed component, with N = < Ah S/Rp , the
result is
2X . - m + Ji, 9 „ .1 ____ out ______ I - m - j> / c-i
NR = Til-R), ln 2X - m - i 2-m + £ (
with m = X + ( (1-RT) (T(l-R))) ;
n = RXout < 1 -R >'
. ,2 . ,0.5a = (m + 4n)
If a is imaginary, the alternate integral applies
-1 0 . -1 2X -m tan 2-m tan out———
T(1-R)A I
o / 2 . ,0.5 with £ - (-m -4n)
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The external transport form illustrate the familiar 
graphical technique for determining the number of transfer 
units when the overall kinetics of the sorption step are 
controlled by fluid-phase transport external to the particle 
Combination of that rate equation
dY f ^n *_ = _E—£ (X - X ) (53)
with the material-balance relation
Rp
Gp (q 2 ~ q x ) = ~ (~) (C 2 - C L ) (54)
and the boundary conditions leads to the result
This is the well-known Chilton-Colburn equation relating the 
sorption efficiency of a countercurrent contactor to its 
number of transfer units. Although an analytical solution 
of this is possible for a given isotherm equation and material- 
balance relation between Y and X, the authors^ suggested 




3.1 RESIN BULK DENSITY DETERMINATION
The bulk density of Amberlite IRC-718 (Na) was determined 
by weighing the amount of resin required to fill a 10 cc 
measuring cylinder. Settling of the resin was achieved by 
hand tapping with each addition. The bulk density of the 
resin was found to have a typical value of 0.672 g/cc. This 
value agrees very well with that given in the Manufacturer's 
literature (163) .
3.2 RESIN CAPACITY DETERMINATION
pH titration method was used in order to determine the 
capacity of the ion exchanger, Amberlite IRC-718 (Na). Eight 
samples (about Ig each) of the ion exchanger were weighed 
into dry 500 cc plastic bottles and different volumes of 
standard 0.1 M NaOH were added to each sample and then de- 
ionised water was added as required to keep the ratio of 
solution volume to resin weight constant (100 cc solution/ 
gram of ion exchanger). The samples in bottles were kept 
on a mechanical shaker (Griffin flask shaker) until the pH 
of the solutions attained a constant final value (About two 
hours were needed to reach equilibrium condition). The same 
procedure was followed for 0.107 M HC1 solution. The titration 
curve was obtained by plotting the pH versus the amount of 
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are shown in Figure 1.
Using resin in the Na form and 1 cc of 0.107 M HC1 
and 99 cc of H2 0 gave a pH of 3.15 (measured using Pye model 
291 pH meter, supplied by Pye Unican), however, after 
equilibrium the pH was measured to be 11.2. On the other 
hand with resin in the H form and 0.1 M NaOH, the pH decreased 
from 10.35 to 7.3. As can be seen from the figure/Sigmoid 
curves were obtained and in the case of using 0.1 M NaOH, 
the pH increased from 7.3 with the addition of 1 cc to 11.1 
with 14 cc. On the other hand the pH decreased with 0.107 
M HC1 from 11.2 to 5.1. In both cases the pH tends to 
remain unchanged after the addition of about 14 cc which 
gives weight capacities of 1.4 meq. Na +/g of resin and 1.498 
meq. H /g. These values are in close agreement with that 
given in the Manufacturer's literature ' of 1.0 meq./cc. 
which is equivalent to 1.488 meq./g.
The variation between the values obtained in this study
and the Manufacturer's value can be attributed to the nature
(47) of ion used, its concentration and the pH of the solution .
3.3 PARTICLE SIZE DETERMINATION
Since the ion exchange reactions are nearly always conducted 
in aqueous media in which the particles are fully hydrated, 
the hydrated particle diameter is the value that is most 
desired. Although there are several methods for determining 
the particle size of a comminuted solid, for the particle
-94-
range that is usually encountered, a wet - sieve analysis 
is the method usually prefered (165 >, although several 
mechanical procedureshave been suggested. The procedure 
for conducting a wet-sieve analysis is described below.
A sample of 152.22 grams of Amberlite IRC-718(Na) was 
placed on the top of a nest of screens. The screens were 
then placed in the sink, and a slow stream of water from a 
length of rubber tubing attached to the tap was played over 
the resin for 5 minutes. The No. 18 screen was then carefully 
removed and placed in a 12-inch dish pan. Tap water was 
poured into the pan until the water depth was about one-half 
the height of the sieve. The sieve was then gently raised 
and lowered so as alternately to lift the particles on the 
screen and float them off again. In this manner the resin 
was swished about over the surface of the screen, and the 
smaller particles were pulled through the screen by the 
upward movement. This operation (raising and lowering) was 
repeated twenty times. Care was taken to retain the coarse 
material in the screen and not float or jar it over the edge. 
The No. 18 screen, plus the coarse resin, was carefully 
removed from the dishpan and set a side. The contents of the 
dishpan were then washed (by means of the stream of water 
from the rubber tubing) onto the No. 20 screen on top of the 
nest of screens. The No. 18 screen was then replaced in the 
dishpan, water added as before, and the swishing operation 
repeated. The washing, were poured again over the No. 20 
screen, and the entire operation repeated until no more than 
a dozen or so particles were seen to come through after a
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single washing.
When the No. 18 screen had been washed free of particles 
finer than No. 18, it was inverted into the dishpan and all 
the coarser resin washed free from the sieve. The resin 
was then brushed into a beaker and dried to constant weight 
in an oven at 105 C. The samples were then weighed and 
recorded as "retained on No. 18 screen". This operation was 
repeated for all other screens. The results of this analysis 
are given in Table 3 and plotted on log-probability paper 
as shown in Figure 2.
The effective size, which is defined as that sieve 
opening which will retain 90 percent of the sample is obtained 
from the best straight line and found to be 0.43 mm. The 
uniformity coefficient, which is the ratio of the sieve 
openings that will retain 90 and 40 percent of the sample is 
found to be 1.44 and the mean particle size is 0.521 mm.
The screen analysis is used to find sauter mean size





D = sauter mean size, 
P
x = fraction of size in mixture,
d = 
p
(d ,d? = adjacent sieve openings)
J- £•
The sauter mean diameter is found to be 0.628 mm.
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Figure 2 Particle size distribution
-98-
3.4 SURFACE AREA MEASUREMENT
Surface area was measured using the following method.
The method is based on the use of two glass adsorption 
vessels of the same volume; one of them was filled with the 
sample (measuring vessel) while the other remained empty 
(reference vessel). Both vessels were filled at ambient 
temperature with nitrogen gas at the same pressure (atmospheric 
pressure), they were then cooled in the cold bath to the 
temperature of liquid nitrogen. The adsorption of the 
nitrogen on the sample resulted in a pressure difference 
between measuring and reference vessel which was indicated 
on the differential manometer.
The surface area of the particles was computed using 
the following relation




S = specific surface area (m /g) .g
Ah = pressure difference on manometer (mm)
A = coefficient determined fromanomogram
m = dry sample weight (g) 
The surface area of particles with mean diameter of
0.55 mm is found to be 19.81 m /g and for particles of mean
2 
diameter of 0.925 mm. is 14.81 m /g.
3.5 LIQUOR DENSITY DETERMINATION
The density of 0.2M NaOH with 550 p.p.m. zinc ion
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concentration was determined at room temperature using 50 cc 
density bottles. The average value obtained was 1.007 g./cc. 
which agrees very well with the value 1.0072 g/cc given by 
Perry{166 > and Weast< 167 >.
3.6 LIQUID VISCOSITY MEASUREMENT
Attempts were made to measure the viscosity of 0.2 M 
NaOH with zinc ion concentration of 550 p.p.m. at different 
temperatures using HAAKE Rotovisco RV2^ '. This instrument 
consists of coaxial cylinder and plate and cone viscosity 
sensor systems (Searle type) which allows viscosity measurement 
of Newtonian and non-Newtonian substances over an extremely 
wide range of shear stress and shear rate. The measuring 
principle is to contain the substance in the annular space 
between a rotating cylinder (called the rotar) and a fixed 
cylinder. The rotar rotates at a defined r.p.m. and the 
resulting shear stress is an accurate measure for the 
viscosity of the substance to be measured.
This instrument seems to be insensitive to dilute 
solutions of sodium hydroxide of low viscosity and therefore 
the value of the viscosity of 0.2 M NaOH given in Weast^ 




Ion exchange was conducted using the ion exchange resin 
Amberlite IRC-718(Na) to remove zinc ions present in a 
solution of sodium hydroxide. In the present study a typical 
laboratory ion exchange column and a burette were used to 
investigate the rate of ion exchange in a fixed bed. These 
are represented in Figures 3 and 4. The effect of temperature 
on the rate of ion exchange led to the use of a water jacket 
system as shown in Figure 5. A semi-continuous countercurrent 
moving bed ion exchange system was also constructed and the 
overall flow sheet is presented in Figure 6. This is also 
illustrated by the photograph attached. The detailed 
arrangements of the apparatus are considered under the following 
headings.
4.1 FIXED BED ION EXCHANGE SYSTEMS 
4.1.la Ion exchange column
This column is of 2.40cm. internal diameter (measured 
with a Vernier calipus, supplied by Chesterman, Sheffield), 
0.20cm. wall thickness (measured with a micrometer, supplied 
by Moore & Wright, Sheffield), and 150cm. height. It was held 
in a vertical position by means of screw clamps mounted on a 
framework. Two 500ml. separatory funnels, one for feed 
solution and the other one for regenerant solution were 
installed over the column at both sides and connected to the
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top of the column with rubber tubes. Backwash outlet was 
connected with a T-junction glass tube and led to the sink 
via a rubber tube. Backwash inlet was connected from the 
tap to the bottom of the column via a rubber hose. The other 
bottom end was the outlet for the effluent from the column. 
Glass wool plug was used for the bed support which was resting 
on a tightly fitted rubber stopper with a glass tube of 
0.6cm. internal diameter inserted through it. The overall 
flow sheet of this system is shown in Figure 3.
4.1.lb Burettes
A typical set-up of a burette and a separatory funnel 
mounted over it is represented in Figure 4. Five burettes 
of 2.06cm. internal diameter, 0.25cm. wall thickness, and 
65cm. height were used and 5x500ml. separatory funnels were 
mounted over the burettes through a tightly fitted rubber 
stopper. All burettes and separatory funnels were held in a 
vertical position by means of screw clamps fixed on one stand. 
Again glass wool plug was used for the bed support. Constant 
hydrostatic level of liquid in the burettes was maintained 
using this arrangement. It was found that results can be 
obtained much faster as sets of 5 and it was more convenient 
to handle this arrangement than the previous one described 
in section 4.1.la and therefore most of the fixed bed results 
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Figure 4 Fixed bed ion exchange 
apparatus
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4.1.2 Apparatus for the study of Temperature effect
Figure 5 shows the different units used in this study 
and they are described below.
4.1.2.1 Water jacket column
This consists of two columns, the inner column is made 
of glass and of 2.54cm. internal diameter, 0.2cm. wall thickness 
and 100cm. length. The outer column is made of plastic and 
of three sections, each section is of 3.6cm. internal 
diameter, 0.3cm. wall thickness, and 30cm. length. There are 
screw groves at both ends of each piece and are mounted together 
with 2 circular rings of 2.5cm. width. Both ends of this 
column have a circular ring of 2cm. width with inlet/outlet 
hose of 0.4cm. internal diameter. The two columns are held 
together with two rounded pieces of 3cm. width screwed to 
the outer column. The top piece contains a cone which is 
narrow at its lower end, internal diameter of 2.54cm. and 
this is in line with the inner column. The lower end of the 
inner column is closed with a rubber stopper with a glass tube 
of 0.6cm. internal diameter fitted through it to provide an 
outlet for the effluent from the column. A perforated circular disc 
made of perspex and of 2.4cm. internal diameter and 0.3cm. 
thickness with holes of 1mm. diameter was placed inside the 
column and two layers of 6mm. and 2mm. in diameter glass beads 









Figure 5 Apparatus used to study the
effect of Temperature on BT.C
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4.1.2.2 Temperature control and measurement
The temperature of the water used for recirculation was 
controlled by a glass-fronted water bath (supplied by Grants 
Instruments-Cambridge, Ltd.). The thermostat was set to the 
required temperature and after the temperature has reached the 
required value, the water was pumped into the annulus by means 
of peristaltic pump (supplied by Watson Marlow Ltd., Marlow, 
Bucks.). After about 30 minutes, the temperature in the 
inner column reached values of -0.5 to -2.0°C from the set 
value, this was achieved through the use of maximum flow rate 
with tubes of 0.7cm. internal diameter and also heat and water 
evaporation from the thermostatically controlled water bath 
were minimised using small insulating plastic spheres (supplied 
by Gallenkamp, Ltd.) which covered the surface of the water. 
The temperature in the inner column was measured using a 
thermometer (supplied by Gallenkamp, Ltd. and graduated from 
-10°C to 110 C) inserted through a rubber stopper and placed 
at the top of the column in the liquid. The temperature was 
also checked at the end of each run by allowing the effluent 
to flow at high flow rate. The range of temperatures used 
in this study was 24-60°C, the water bath was set to 62 C in 
order to give a temperature of 60 C in the inner column. At 
a lower temperature the deviation was small (at 32 c, a 
temperature of 31.5°C was recorded in the inner column).
-107-
4.2 SEMI-CONTINUOUS MOVING BED ION EXCHANGE APPARATUS
The different parts of this apparatus are described 
below,
4.2.1 Extraction column
It consists of a cylindrical borosilicate Q.V.F. (Quickfit) 
glass column(E) as shown in Figure 6. The column has an 
internal diameter of 2.54cm., 0.5cm. wall thickness, and 
30.5cm. in height. Two T-junctions of 14cm. length were fixed 
to the top and bottom ends of the column with the help of two 
parallel circular metal fittings and five equally spaced 
galvanized bolts. The side arm of the bottom piece was filled 
with glass wool and closed with rubber stopper with a bend 
glass tube of 0.7cm. internal diameter inserted through it 
and provided an exit for the processed liquor. A control 
valve (C) was fixed to the bottom T-junction. This valve 
provided support to the resin bed and ensured a uniform ascending 
of resin up the column. The top T-junction was for the inlet 
and outlet of liquid and resin respectively. The liquid entered 
the column through a T-junction of 0.6cm. internal diameter 
inserted through a rubber stopper, the top end kept open to 
act as a vent (V). The side arm was joined to a bend tube 
with the help of metal fittings and bolts and a control valve 
was fixed to the bottom end of the bend tube. This assembly 
was held in position by means of four horizontal clamps fixed 














































































































































































































This column is made off the same material and of the 
same diameter as for the extraction column but of 61cm. in 
height.
It is fixed to a tapering of 9cm. in length and the 
outlet is positioned at 110cm. from bench level. A pvc tube 
of 1.6cm. internal diameter, 0.34cm. thickness, and 94cm. 
in length is fixed to the tapering and at the bottom to a 
control valve (G) which is positioned horizontally and fixed 
with a clamp to the framwork. It is joined to a T-junction 
of 1.2cm. internal diameter by means of pvc tubing. Valve G 
is of 15cm. length and 4cm. away from the T-junction. The 
bottom end of the T-junction contains a small control valve 
(D) of 0.85cm. internal diameter. This was installed to 
provide means of emptying the whole content of the extraction 
and auxiliary columns and all the tubes and valves connected 
to the column and also to remove excess resin from the 
extraction column. The top end of this T-junction is 
connected to the control valve (C).
The auxiliary column (A) was open to the atmosphere and 
when not in use was covered with a stopper to prevent any 
dust from getting into resin slurry since metals such as zinc 
are found in various dusts.
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4.2.3 Feed reservoir
A borosilicate glass container (F) of 20cm. internal 
diameter, and 33cm. in height with a total volumetric 
capacity of 10.5 litres was used to contain the feed solution, 
The solution was stirred continuously at constant speed using 
an electromagnetic stirrer. A wooden stand of dimensions 
20x20x6.5cm. was used to support and raise the level of the 
feed reservoir to 19cm. The container was graduated with a 
sticker to read up to 10 litres and periodic topping of 
solution maintained the level of liquid to within +0.5 litre. 
This reservoir was covered with an inverted plastic bottle 
to prevent any dust contamination. The outlet stream was 
controlled with on/off valve, during operation the valve was 
fully open and was closed on other occasions.
When working with low flow rates of the order 7-10 ml./ 
min. , it was suitable to use a 500 ml. separatory funnel 
fitted on top of the extraction column through a tightly 
mounted rubber stopper instead of the feed reservoir. This 
also helped to avoid stirring and pumping of the solution.
4.2.4 Resin flow arrangement
A beaker (B) of volumetric capacity of 1000 ml. was 
used to pump de-ionised water to the auxiliary column in 
order to create a hydrostatic head which helped to force the 
resin move down the tubing and up the extraction column. On
one occasion the resin was poured into this beaker and pumped 
using the peristaltic pump to the top of the auxiliary column
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but unfortunately this caused to considerable attrition of the 
resin particles and therefore the resin was replenished 
manually by standing on the bench. This end of the apparatus 
was also used to drain the solution from the feed reservoir 
and from the tubings connected to the extraction and auxiliary 
columns by opening the on/off valve (W) and by reversing 
the pump flow direction.
4.2.5 Feed flow arrangement
When the feed reservoir was in use a two-way flow 
peristaltic pump (P) capable of delivering liquids up to flow 
rates of 830 ml./min. was used. This pump was installed 
between the Feed reservoir and the flow meter as shown in 
Figure 6. The flow rate was controlled with a selector 
dial which regulates the speed of the rotor, at a speed of 
2.40, a flow rate of 60 ml./min. was recorded.
4. 3 Flow rate measurement
The flow rate of the feed solution was measured with 
the help of a flow meter (FM). This meter has a plastic 
coated glass float and is graduated from 0 to 150 mm. in 
height and gives calibrated flow rates of water in the range 
0-150 ml./min. A calibration curve is included in the 
appendix (Figure A 3.1). The flow rate of the effluent from 
the extraction column which was the same flow rate as for 
the feed was also checked using a measuring cylinder and a
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stopclock. The latter method of measuring the flow rate 
was also adapted when the feed solution was supplied through 
a 500 ml. separatory funnel fitted at the top of the extraction 
column and at the top of each burette in fixed bed runs.
The flow meter is of 25cm. length and is fixed to the 
supporting framework by means of two wires. It is at 
distances of 27cm. and 64cm. from the peristaltic pump and 
the T-junction fitted to the top of the extraction column 
respectively.
4.4 Pressure drop measurement
The pressure drop due to the liquid flow alone was 
found to be in the range 3.4-42.Ocm. CC14 for flow rate 
ranged from 8 ml./min. to 130 ml./min. There was an additional 
pressure drop of 35.5cm. CC1. created by the weight of resin 
and de-ionised water filling a total height of 46cm. The 
pressure drop for various flow rates is plotted in Figure 
A 3,2 (in the appendix) and the attached photograph illustrates 
the apparatus construction for this measurement.
4.5 Bed voidage determination
The voidage of the packed bed for the fixed and moving 
bed systems was determined by the following method.
Amberlite IRC-718 (Na) was slurried into the burette/ 
column and the level of de-ionised water was adjusted in 
such a way that it coincided with the upper surface of the
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resin. The de-ionis.ed water was then allowed to drain into 
a graduated cylinder and finally air was blown through the 
burette/column. This method gives results 5% less than the 
real value because of the adsorption of water on the 
surface of the resin particles. The void fraction is simply 
given by the following relation
£ _ volume of the collected water 
volume of the packed bed
Using the burette the voidage ranged from 0.38 for 
particles of mean size diameter 0.521 mm. (in the range 0.297- 
1.19mm.) to 0.44 for particles of mean diameter 0.855mm. 
The voidage of particles of mean diameter 0.655mm. is 0.40. 
For the moving bed a column of 2.54cm. internal diameter and 
50cm. in length was used with a nylon mesh and a circular 
perspex perforated plate placed at the base for the bed support. 
A mean value of 0.3 was obtained for bed heights ranged from 
8 to 30cm. and mean particle diameter size of 0.521mm.
4.6 Superficial liquor velocity
The superficial liquor velocity was calculated by 
dividing the volumetric flow rate by the cross-section area 
of the packed burette/column.
4.7 Effective interfacial area
The effective transfer area per unit volume of bed is 





a = effective transfer area per unit volume 
e = bed voidage 
d = mean diameter of resin particles
Using the values of t- and d , the effective transfer 
area, a, is in the range 39.3-97.5 cm /cm for particles of mean 





The leach liquor was provided in 5 litres well covered 
plastic containers from the previous investigation on lead 
separation . The concentration of sodium hydroxide solution 
ranged from 40 gm./l. to 400 gm./.l. (ION). Zinc and lead 
ions concentration were measured using atomic absorption 
spectrophotometer. Zinc concentration ranged from 5500 p.p.m. 
to 48300 p.p.m. while lead concentration was much lower (250- 
1875 p.p.m.). Since ion exchange kinetics are enhanced in 
dilute solutions this led to the dilution of the leach liquor 
(40 gm./l. concentration) down to concentrations of 4 gm./l. 
and 8 gm./l. which contained zinc and lead ions concentration 
in the range 55-550 p.p.m. and 2.5-25 p.p.m. respectively. 
The level of lead ion in the solution was accepted in the 
present study and its effect on the breakthrough curves 
investigated.
The other reagents which were needed in this study are 
listed below
1. Hydrochloric acid about 36% HC1 for atomic absorption 
spectroscopy.
2. Nitric acid about 70% HN0 3 for atomic absorption 
spectro scopy.
3. Lead nitrate standard solution for atomic absorption 
spectroscopy.
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4. Zinc nitrate standard solution for atomic absorption 
spectroscopy.
5. Sodium hydroxide 400 gm./i.
6. Lead monoxide.
Reagents (1) and (2) are specific for atomic absorption 
spectroscopy since the concentration of the metal ions 
present are in the range 0.02-1,0 p.p.m. All the reagents 
are obtained from BDH Chemicals.
5.2 SAFETY PRECAUTIONS
When handling concentrated acids, rubber gloves, goggles 
and a laboratory coat were worn. Distillation of HC1 was 
carried out in a fume cupboard. Care was taken when handling 
caustic solutions since they can cause severe burns and also 
they are poisoneous. Borosilicate glass columns although 
their wall thickness is 0.5cm. they are found to be fragile 
and could break easily and therefore care was needed during 
the construction of the apparatus and maintenance. Every 
effort was made to insure that the pressure did not build up 
during the operation of the apparatus.
5.3 PREPARATION OF LEACH LIQUOR
The solutions used for the separation of zinc ion using 
fixed and moving bed ion exchange systems were prepared from 
the stock caustic solutions provided by the following dilution 
procedure.
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A tenfold dilution of 40 gm,/l. NaOH with 5500 p.p.m. 
zinc ion concentration using de-ionised water followed by a 
tenfold dilution with 4 gin./I. NaOH to give a diluted solution 
of 4 gm./l. NaOH with zinc ion concentration of 55 p.p.m. 
Solutions of 8 gm./l. NaOH with zinc ion concentration of 550 
p.p.m. were obtained by a fivefold dilution of 40 gm./l. 
NaOH followed by a twofold dilution with 8 gm./l. NaOH. The 
dilution with sodium hydroxide solution of the required strength 
was necessary since precipitation of zinc ion in solution of 
pH £ 13 or even at pH ^.13 was observed. The stability of 
the zincate complex is low and under these circumstances 
zincate complex tends to combine with the hydroxide ions to 
form a precipitate of zinc hydroxide.
5.4 EXPERIMENTAL PROCEDURE
The equilibrium data for zinc-sodium exchange on 
Amberlite IRC-718 were obtained using a mechanical shaker and 
the separation of zinc ion from sodium hydroxide solution 
was studied in fixed and moving bed ion exchange systems.
5.4.1 Batch ion exchange
The hydrated ion exchange resin was weighed accurately 
using a unimatic balance (supplied by Stanton instruments) 
which gives readings up to 5 decimal places. Eight samples 
each of approximately 1 gm. (0.99532-1.02448 gm.) were 
placed in plastic bottles (supplied by Gallenkamp) of
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volumetric capacity 500 ml. Sodium hydroxide solution was 
diluted using de-ionised water in such away to give eight 
different zinc ion concentrations of 55-550 p.p.m. but of 
the same caustic strength (8gm./l.). The solutions from 
eight 100 ml. volumetric flasks were than added to the samples 
of resin and the bottles were covered. The covered bottles 
were mounted on an 8-pin Griffin flask shaker (supplied by 
Gallenkamp) and left shaking at a speed of 3 for four hours.
The concentration of zinc ion in the liquid phase was 
followed by withdrawing a 1 ml. sample at intervals ranged 
from 15 min. to 60 min. for 240 min. The samples were then 
diluted with 0.05 M HNO., and analysed for their zinc ion 
content using atomic absorption spectrophotometer and the 
concentration of zinc ion in the resin phase was obtained by 
difference.
The ion exchange equilibrium of zinc was also investigated 
using sodium hydroxide solutions of concentrations 4-40 gm./l. 
with zinc concentration of 55 p.p.m. and exchange resin 
weights 0.06-2.0 gm.
The analytical procedures for zinc and lead measurements 
are given in section (5.6).
5.4.2 FIXED BED ION EXCHANGE
Fixed bed ion exchange was carried out in five burettes 
with glass wool plugs placed at the bottom for the beds 
support. The hydrated resin was transferred to a 1000 ml. 
beaker and de-ionised water added. The required amount of
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resin was then measured using a 50 ml. measuring cylinder and 
slurried into the burette with the help of a funnel and 
de-ionised water from a wash bottle. The remaining steps 
followed are described under the following headings.
5.4.2.1 Backwash
The resin bed was backwashed with 500 ml. of water at 
a rate of about 50 ml./min. For this, plastic tubes of 0.9 cm. 
internal diameter were connected from the bottom of the burette 
to the tap water and from the top via a bend glass tube of 
0.7 cm. internal diameter fitted through a rubber stopper to 
a 1000 ml. measuring cylinder.
Backwashing was necessary in order to wash light particles 
adhered to the resin during manufacturing and to loosen the 
bed and also to free trapped air bubbles.
5.4.2.2 Exhaustion
The resin was rinsed with about 100 ml. of de-ionised 
water and the static head lowered to a level just covering 
the resin bed. Sodium hydroxide solution containing zinc 
ion was poured into the burette carefully in order not to 
disturb the resin bed and the separatory funnel was then 
mounted over the burette and filled with the solution. The 
funnel valve was then fully released and the apparatus was 
ready for use.
The solution was allowed to flow by opening the burette 
valve slowly and measuring the flow rate with a measuring
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cylinder and a stopclock and also by measuring the amount of 
effluent collected in a regular time interval. Samples of 
1 ml. were taken at regular time intervals until the 
concentration of zinc ion in the effluent reached its initial 
value. The samples were diluted with 0.05 M HN03 and analysed 
chemically for their zinc content using atomic absorption 
spe c tropho tome te r.
The resin bed was then stored and the burette flushed 
with water followed by de-ionised water. Fresh resin was 
introduced and backwashed, it was then ready for use. In this 
study the stored resin was not used again, however, some runs 
were treated further by rinsing the resin beds with de-ionised 
water at the same flow rate until the pH of the effluent was 
neutral.
5.4.2.3 Regeneration
The rinsed resin beds were regenerated with hydrochloric 
acid. The regeneration was continued until there was no 
trace of zinc ion in the effluent when analysed using atomic 
absorption spectrophotometer. The effects of hydrochloric 
acid strength, flow rate and particle size of resin were 
investigated. After regeneration the resin was rinsed with 
de-ionised water until the pH of the effluent was neutral.
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5.4.2.4 Conversion
The conversion of the ion exchange resin, Amberlite 
IRC-718 from the hydrogen form to the sodium form was 
accomplished using sodium hydroxide. Samples of 1 ml. were 
taken at regular intervals, diluted and titrated with 0.107 
M HC1 using methyl orange as an indicator. The process of 
conversion was continued until the original I'M NaOH titration 
volume with 0.107 M HC1, was reached. During the titration 
the colour changed from orange to pink.
Two breakthrough curves were obtained using re-conditioned 
resin.
5.4.3 Moving bed ion exchange
Moving bed runs were carried out using the apparatus 
illustrated in Figure 6 (page 109.). Initially the extraction 
column (E) was calibrated using measured volumes of the ion 
exchange resin. The ion exchange resin Amberlite IRC-718 
(Na) was then slurried with streams of de-ionised water from 
a wash bottle into the auxiliary column (A), tubings and the 
extraction column (E) until the required volume vas reached. 
Extreme care was taken to insure that no air bubbles were 
trapped since this lead to channelling and poor results. 
Excess resin was removed from the extraction column (E) by 
opening the valve (D) and the static head of de-ionised water 
was lowered to a level just covering the top of the resin bed 
by opening the liquid outlet on/off valve (L). The apparatus 
was then ready for use.
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Sodium hydroxide solution containing zinc ion was stirred 
at constant speed in the feed reservoir (F) or in the case of 
using a separatory funnel mounted over the extraction column 
(E), the solution was well mixed in 1000ml. volumetric flask. 
The solution was then pumped into the extraction column at 
the selected flow rate (the measurement of flow rate is 
described in chapter four). Samples of 1ml. were taken at 
regular time intervals, diluted and analysed chemically for 
their zinc content using atomic absorption spectrophotometer. 
After a pre-determined time period the pumping was stopped 
and the excess liquid covering the resin bed was siphoned 
using a plastic tube of 0.3 cm. internal diameter. A small 
amount of the resin was removed by opening valves (C) and (G) 
and by pumping de-ionised water to the auxiliary column (A). 
The ion exchange resin was observed descending down the 
auxiliary column (A) and ascending up the extraction column 
with the resin particles moving relatively to each other and 
keeping their position constant in the bed. The volume of 
the resin removed via the control valve (R) was measured with 
50ml. measuring cylinder. The amount of the resin removed 
was monitered with the control valve (G) . The excess resin 
in the extraction column was removed through valve (D) and 
recycled to the auxiliary column. Any excess resin on the 
outlet valve (R) was withdrawn and re-added to the extraction 
column by removing the T-junction. The valves (C) and (R) 
were then closed and the pumping of the solution re-started. 
A time period of ten minutes was sufficient for each shutdown. 
The procedure was repeated until the required number of cycles
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achieved. At the end of each run the whole working volume 
of resin was transferred and fresh resin replaced it. The 
exhausted resin is treated by the following procedure.
The resin samples were filtered by transferring them 
from the 125ml. plastic bottles onto a 2 litre filteration 
flask with Whatman filter paper of size 9 cm. as the porous 
medium. Filtration was continued (for about 10 minutes) and 
the resin was rinsed properly with de-ionised water. After 
f i I t ration the resin was transferred to a 500ml. plastic 
bottle with the help of a spatula. Hydrochloric acid of 0.5M 
was added to each sample in quantities of 100ml. and the 
covered bottles were mounted onto the 8-pin flask shaker and 
left shaking at constant speed of 3 for 90 minutes. After 
the regeneration with hydrochloric acid, 1ml. samples were 
taken, diluted and analysed chemically for their zinc content. 
This procedure measured the concentration of zinc in the exit 
stream.
5.5 ACID RECOVERY
The effluent leaving the burette from the regeneration 
step consisted of hydrochloric acid and zinc chloride. 
Sodium chloride was also present. An attempt was made to 
recover the hydrochloric acid by the process of distillation. 
The whole assembly was set-up in a fume cupboard. The water 
inlet of the condenser was connected to the tap and the water 
outlet immersed in the sink. A conical filtration flask of 
volumetric capacity 1000ml. was used as a receiver and was
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connected to a filtration pump. This pump provided a vacuum 
which was controlled with on/off valve. The liquid mixture 
was poured into a 1000ml. quickfit distillation flask and 
a thermometer inserted through a quickfit cover. Anti- 
bumping chips were added and the heating started with the 
help of a bunson fire. Distillation was continued until 
most of the hydrochloric acid was collected in the receiver. 
Heating was then stopped and sodium hydroxide was added to 
the cold residue in order to raise the pH of the solution 
and thus precipitate zinc hydroxide. Sodium hydroxide was 
added in small aliquot and the mixture was stirred at constant 
speed with a magnetic stirrer. The pH of the equilibrated 
solution was measured with a pH meter (supplied by Unican, 
Model 291). Zinc hydroxide precipitated at a pH of 9.5 and 
was dried in a thermostatically controlled oven at a temperature 
of 125°C over three hours period. At this temperature zinc 
hydroxide decomposes to zinc oxide. The dried zinc oxide was 
weighed and stored in a covered plastic container.
5.6 ANALYTICAL PROCEDURE
The samples containing zinc and lead ions were analysed 
using atomic absorption spectrophotometer. The underlying 
principle of atomic absorption spectroscopy is discussed in 
the following paragraph.
If a solution containing a metallic salt (or some other 
metallic compound) is aspirated into a flame (e.g. of acetylene 
burning in air), a vapour which contains atoms of the metal
-125-
may be formed. A large number of the gaseous metal atoms 
will normally remain in an unexcited state or, in other words, 
in the ground state. These ground state atoms are capable 
of absorbing radiant energy of their own specific resonance 
wavelength, which in general is the wavelength of the radiation 
that the atoms would emit if excited from the ground state. 
Hence if light of the resonance wavelength is passed through 
a flame containing the atoms in question, then part of the 
light will be absorbed, and the extent of absorption will be 
proportional to the number of ground state atoms present in 
the flame.
The procedure by which gaseous metal atoms are produced 
in the flame may be summarised as follows.
When a solution containing a suitable compound of the 
metal to be investigated is aspirated into aflame, the following 
events occur in rapid succession:
(a) evaporation of solvent leaving a solid residue;
(b) vaporisation of the solid with dissociation into its 
constituent atoms, which initially, will be in the 
ground state;
(c) some atoms may be excited by the thermal energy of the
flame to higher energy levels, and attain a condition
in which they radiate energy.
The resulting emission spectrum thus consists of lines 
originating from excited atoms or ions.
The essential components of an atomic absorption 
spectrophotometer are discussed briefly under the following 

















































































Flames which produce temperatures in excess of 2000K 
are used. This is achieved by burning the fuel gas in an 
oxidant which is usually air, nitrous oxide, or oxygen 
diluted with either nitrogen or argon.
2. Nebuliser/Burner system
The purpose of this system is to convert the test solution 
to gaseous atoms. The function of the nebuliser is to produce 
a mist or aerosol of the test solution. The solution to be 
nebulised is drawn up a capillary tube by the Venturi action 
of a jet of air blowing across the top of the capillary; a 
gas flow at high pressure is necessary in order to produce 
a fine aerosol* . In the burner, the aerosol is produced 
in a vapourising chamber where the larger droplets of liquid 
fall out from the gas stream and are discharged to waste. 
The resulting fine mist is mixed with the fuel gas and the 
carrier (oxidant) gas, and the mixed gases then flow to the 
burner head.
3. Resonance line source
A hollow cathode lamp is the resonance line source. For 
any given determination the hollow cathode lamp used has an 
emitting cathode of the same element as that being studied 
in the flame. The cathode is in the form of a cylinder, and 
the electrodes are enclosed in a borosilicate or quartz 
envelope which contains an inert gas (neon or argon) at a 
pressure of approximately 5 torr. The application of a high 
potential across the electrodes causes a discharge which
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creates ions of the noble gas, These ions are accelerated 
to the cathode and on collision, excite the cathode element 
to emission.
4. Monochromator
The function of the mo no chroma tor is to isolate the 
resonance line from all non-absorbed lines emitted by the 
radiation source. In most commercial instruments diffraction 
gratings are used because the dispersion provided by a grating 
is more uniform than that given by prisms.
5. Detectors
In view of the improved spectral sensitivity required, 
photomultipliers are employed. The output from the detector 
is fed to a suitable read-out system.
In this study two AAS instruments were used, the AAS 
1100 and AAS 1275 (both supplied by Varian Techtron). Moving 
bed ion exchange samples were analysed using the recent 
installation (late 1982) of the AAS 1275 with digital read­ 
out display.
The following is an outline of the preparation of samples 
and standards and the procedure adapted.
Due to the high zinc content of the samples, these 
samples had to be diluted with 0.05 M HN03 in order to bring 
down the concentration of zinc ion within the range 0-2 p.p.m. 
and also to bring down the pH of the solution to 1.5 since 
zinc ion will remain in solution at low and high pH. Standards 
were needed in order to calibrate the instrument. The working
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standards for zinc are of concentrations of 0.5, 1.0, 1.5 
and 2.0 ppm and that of lead are of 5, 10, 15 and 20 ppm. 
The standards were prepared from a stock solution of zinc 
nitrate spectrosol with zinc ion concentration of lOOOppm 
by two dilution procedures. The first dilution procedure 
was to pipette 10ml. into 100ml. volumetric flask and make 
up with de-ionised water and the second procedure was to 
pipette 0.5, 1.0, 1.5 and 2ml. from the lOOppm solution into 
four 100ml. volumetric flasks and to make up 100ml. mark 
using 0.05 M HNO.,. Similar dilution procedures were 
employed in the case of lead ion. The operating instructions 
followed are discribed below.
The required lamp was inserted into the instrument 
followed by switching on the Varian and power. The lamp 
current, the wavelength and the spectral band pass were 
selected and the instrument was left to warm up for 15 minutes. 
After warming up the air was turned on and the cylinder 
pressure was raised to 40 p.s.i. which gave a reading of 7 
on the support gauge. The fuel acetylene was then turned 
on and the cylinder pressure was increased to 10 p.s.i. 
followed by pressing the ignition button and switching the 
fan on. The flame was blue and the fuel gauge indicated a 
reading of 2.5. De-ionised water was used for aspiration 
and the instrument was optimized by adjusting the wavelength 
and the positions of the lamp and burner. The burner was 
adjusted vertically and horizontally in order to give 0% 
absorbance and 100% transmission. The instrument was then
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ready for use. The standards were aspirated and the absorbance 
values were recorded followed by the aspiration of the samples. 
The concentration of the metal ion was determined from a 
calibration curve of Absorbance vs. Standards concentration. 
The calibration curves for zinc and lead are shown in Figures 
A3.3 and A3.4 in appendix III.
For zinc the absorbance mode was employed and the 
concentration mode was used for lead^ ' which gave as 
expected a straight line relationship. During the aspiration 
of the samples, the instrument was checked with the standards 
after every three samples. At the end of the measurement, 
the instrument was flushed with de-ionised water and the 
following were turned/switched off:
(1) Acetylene, (2) Air, (3) Lamp, (4) Power,(5) Varian and 
(6) Fan.
The above procedure is relevant to the AAS 1100 and 
that applicable to the AAS 1275 is given in appendix III. 
The operating instrument conditions (fixed) for zinc 
are as follows:-
Lamp current = 5 mA 
Fuel = acetylene 
Support = air 
Flame stoichiometry = oxidising 
The zinc ion can be measured at two wavelengths 
(1) at 213.9 nm and spectral band pass 0.2 nm for optimum
working concentration range of 0.4-1.6 p.p.m. (sensitivity 
0.009 p.p.m. ; and
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(2) at 307.6 run and spectral band pass 0.5 nm for optimum
working concentration range of 3500-14000 p.p.m.
(sensitivity 76 p.p.m.)
The detection limit at 213.9 nm wavelength is 0.002p.p.m. 
using air-acetylene flame.
The lamp current for lead is 6 mA and the wavelengths are:
(1) at 217.0 nm and spectral band pass 1.0 for optimum
working concentration range of 5-20 p.p.m. (sensitivity 
0.11 p.p.m. ; and
(2) at 283.3 nm and spectral band pass 0.2 for optimum
working concentration range of 10-40 p.p.m. (sensitivity
0.23 p.p.m.)





6«1 FIXED BED ION EXCHANGE
Kinetic informations of ion exchange processes are 
revealed through concentration history or breakthrough 
curves of effluent of fixed bed columns.
Many theories on ion-exchange kinetics differing widely 
in their simplifying assumptions and their results, have been 
advanced. For successful application it is vital to choose, 
in each particular case, the most appropriate theory. This 
requires a thorough general understanding of the phenomena 
and a precise knowledge of the consequences of the simplifying 
assumptions.
In many theories a linear isotherm has been assumed and 
this is applicable in a situation where the ion exchanger 
has no preference for one ion over the other. In other 
theories local equilibrium condition is assumed. This 
assumption is justified only if the finite ion-exchange rate 
does not cause significant deviations. This condition is met 
if equilibrium is unfavourable and the non-sharpening boundary 
has become sufficiently diffuse. In contrast, if equilibrium 
is favourable; the boundary shape continues to depend decisively 
on the ion exchange rate, and equilibrium theories are 
inapplicable.
In most theories "plug flow" in the column is assumed. 
In reality, however, some deviations from ideality occur such
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as eddy dispersion, channelling and hydrodynamic instabilities 
(due to differences in density and viscosity between adjacent 
bands).
Amongst the well known theories is the Thomas solution 
for non-equilibrium conditions and a non-linear isotherm. 
Thomas assumes a constant separation factor and a rate law 
which formally corresponds to a reversible chemical reaction 
of second order (equation (1), p. 45). As ion exchange 
process in most cases is controlled by ionic diffusion rather 
than by chemical reaction rate, Thomas solution thus fails to 
represent the true state of the process.
In this study breakthrough data have been analysed by
f 92 ) I 93) the methods of Michaels ', Moison and 0'Hern v ' and also
by a new method.
6.1.1 Michaels method^ 92 *
A simple treatment of the kinetics of fixed bed ion 
exchange was developed by Michaels. The treatment is 
applicable to high exchange rate reactions and is based on 
the concept of an exchange zone in which the majority of the 
exchange occurs, and descends through the exchanger bed at 
constant velocity. By the use of the method, it is possible 
to correlate laboratory data obtained from small columns and 
employ the correlation for the design of large ion exchange 
units. This method is applicable to systems exhibiting favourable 
equilibrium with symmetrical breakthrough curves. Through
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this method zone height, bed capacities, liquid side mass 
transfer coefficient, and the height and number of transfer 
units can be calculated.
Zone height is computed from rate data using the 
equation
hzl = hT v—————~—————— (6.1) 
V T - (1-F)VZ
where:
h , = zone height
h_ = mean bed height
YZ = volume of effluent collected between breakthrough
and exhaustion of bed. 
V_, = volume of effluent collected upon exhaustion
of bed. 
F = the fraction of the exchanger present in the zone
which still possesses the ability to remove ions.
and from capacity data
Qz 
hz2 = (1-F)CTS (6 ' 2)
where s
Qz = quantity of metallic cations removed by the
exchange zone from the breakthrough point to
exhaustion of the bed (i.e. total cations removed
by the exchange zone). 
C = specific total capacity of the exchanger (i.e.
metallic ion content per unit volume when the
exchanger is exhausted).
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S = total column cross-sectional area. 
The total bed capacity, CT , is calculated from the 
breakthrough curve according to the relation
p - "____________.______________ / (• -3 \^T - rr- ID.JJ VRA
CQ is the concentration of metallic cation in influent, 
C its concentration in the effluent and v_, is the average
JtxA
volume occupied by the solid in the bed.
Similarly, the effective or working capacity of the 
exchanger is determined by calculating the area above the 




(V_ is the volume of effluent collected up to breakthrough). h.
The breakthrough capacity can also be determined using 
the zone height method.
( h - (l-F)lu \**-**(——%————) (6 ' 5)
The overall liquid side mass transfer coefficient can 
be obtained from the correlation
KL a = 0.86 n 1̂ ' 5 (6.6) 
and the number of transfer units from the equation
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Figure 8 Typical experimental breakthrough
curve
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The height of transfer units is calculated from 
the relation
HTU • S Li
(6-8)
6.1.2 Moison and O'Hern method ^
Moison and O'Hern presented a simple method for 
correlating ion exchange data for favourable equilibria and 
both the resin and solution phases resistance were considered, 
Their correlation was compared with correlations of other 
packed-bed mass transfer data. The authors also interpreted 
data for ion exchange with unfavourable equilibria.
The method is based on the concept of exchange zone 
suggested by Michaels and the same assumptions were made, 
however, a rather different approach was employed for the 
derivation of equations for the calculation of zone height 




z3 " S(Q + eC0 ) 
and the rate of descent of the exchange zone, uz , is given by
UL C0 
u =1 /-i i nz Q + e L0
The number of transfer units within the exchange zone 
is calculated following the assumption that a fixed bed 
ion exchange process is analogous to a countercurrent ion
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exchange process in which the resin bed moves upward 
countercurrent to the liquid stream and by using the rate 
equation of Baddour and
KLa Sh K x, i_Xl 
= -^—— , __in(_i)(__l) (6 . 11}
where :
x^ = equivalent fraction of ion corresponding to the
lower limit of the exchange zone; for example,
x.^ = 0.05. 
*2 = equivalent fraction of ion corresponding to the
upper limit of the exchange zone, for example,
x^ = 0.95.
K = equilibrium selectivity coefficient. 
L = flow rate of solution.
The height of -transfer unit is calculated from Equation 
(6.8). The data can be correlated using the j factor of Colburn 
(172) Which is a dimensionless parameter for relating the 
height of transfer units (based on the liquid phase) to the 
physical properties and particle sizes defined as




DL = liquid phase diffusivity. 
p = solution viscosity. 
P = solution density, 
a = interfacial area of particles.
HTU = overall height of a transfer unit (based on the 
liquid phase).
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The solid phase resistance can be determined according 
to the equation
A plot of HTU (at constant liquid flow rates) against 
solution concentration, CQ , gives a straight line, the 
intercept of the line indicates the liquid phase diffusion 
resistance, and the slope governs the resistance in the solid 
phase.
6.1.3 The New method
A method for the solution of breakthrough curves is 
developed by us. Through this method breakthrough data are 
analysed to obtain mass transfer coefficient, zone height 
and number of zones in a bed. The method is based on a 
function that is found to describe breakthrough curves of 
all shapes. The function is of the form
t - t & 
C/C = 1—exp - (—T—°) ) (6.14)
m
Where t is the time corresponding to break point at 
C/C =0.05 > t is the mean of the function and B 
is a shape factor.
The function is applied to breakthrough data in a linear
form which is given by
log ln( Co/(Co-C)) = 3 log (t-tQ ) - 0 log tm (6.15)
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A plot of ln(Co/(Co-C)) vs. (t-to ) on logarithmic 
coordinates gives a straight li ne from which .0 is obtained 
as a slope and tm is calculated through a least square 
method. By knowing tm saturation time, tg is calculated from
fc s = to + fcm < 6 - 16 ) 
Nz .= ts /tm (6 . 17 ,
The height of a transfer zone is given by
(6.18) 
(6 _ 19)
The overall coefficients of mass transfer in both the 
stationary and mobile phases can be found through a rate 
expression obtained by differentiating the function
( ) exp( _ ) } (6 . 20) 
mm m
This gives a rate that is dependent on time. A time 
independent rate is obtained at a point of time when (t-tQ ) = 
tm and C/CQ = 0.632 and this is given by
d C/C
—^-2 = ( S/tm) ( 0 .37) (6.21)
In order to obtain mass transfer coefficient this rate 
is related with a conventional rate of mass transfer. Since 
the loss of material from the fluid is a gain for the solid 
phase, the rate of mass transfer can be expressed by
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o m
where ( A q/q0 ) m represents the mean value of concentration 
driving force (q /q - q/qQ ). This mean value of the driving 
force can be ascertained by considering mass transfer process
over a zone. At the start of a zone the resin is unsaturated
* 
q=0 and q =qQ . The driving force is (1-0). When the zone
becomes saturated the driving force expressed by (q*-q)/qQ 
approaches to zero. The mean of these two values in this 
case is represented by 0.37 since the driving force is an 
exponential function of zone saturation time.
d(1 _c/c )° = Kax <*o PB <°' 37 > (6.23)
The overall mass transfer coefficient in solid phase 
side can therefore be obtained from equations (6.21) and 
(6.23) and is given by
> (6 ' 24)
Similarly fluid side mass transfer coefficient can be 
obtained from the equation
C 0 _d_ U-C/Co ) = Kay C Q( A C/Co) m (6.25) 
dt
where (A C/C ) represents the mean of the driving force 
(C/C - C*/C ). Like the mean driving force of solid phase 
this driving force has also a mean value of 0.37. Putting 
this into equation (6.25), the mass transfer coefficient
Ka from equations (6.21) and (6.25) is 
Y
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Ka = (e/V (6.26)
6.1.4 Regeneration data
The regeneration curves or elution curves are analysed 
by calculating the amount of zinc ion eluted from the column,
m, from the area under the elution curve:
foo 
m = \ CZn dV (6.27)
o 
V is the volume of eluate.
6.2 MOVING BED ION EXCHANGE
Moving bed ion exchange results are analysed using the 
two methods developed by Hiester et al ' and also by 
McCabe - Thiele graphical method.
In continuous countercurrent practice, a stream of ion- 
exchange resin of constant composition, y is fed into the 
top/bottom of a countercurrent contacting section at a 
constant volumetric rate of flow R and is removed from the 
bottom/top of the section at the same rate. Simultaneously, 
a solution stream of constant composition, XQ , is introduced 
into the bottom/top section at a constant volumetric rate of 
flow R^ and at this same rate passes up through the column 
countercurrent to the resin and leaves the top. Diagrammaticall 
this is shown in Figure 9.
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Figure 9 Simple countercurrent operations
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Hiester et al suggested two methods for predicting 
the exit compositions, the first, or dynamic, method based 
on a rate equation and the second based on the assumption 
that the section is made up of a finite number of equilibrium 
contacts (similar to plates in a distillation column).
6.2.1 Dynamic method
For the dynamic approach, a conservation equation and 
boundary conditions are needed in addition to the rate 
equation. At steady state, i.e., no accumulation or 
depletion of ionsat any cross section in the column, the 
following differential material balance equation applies:
RP "B Q S = RF cz It (6 ' 28 >
The result of solving this equation with the generalized 
rate equation
¥ . , (6.29) 
particle c
and the boundaries indicated in Figure 9 gives
^ (6.30)
where :
E = ratio of the slope of the equilibrium line to the
M = D slope of the operating line = R c
P B Q
Y = degree of approach to equilibrium transfer of a 
component = xo ~ xj.
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Dc = distribution or partition parameter = M Q ^(i" 6 )
C l fc 
M = slope of the equilibrium line.
6.2.2 Equilibrium contanct method
Under the assumption that complete equilibrium is 
attained in each discrete stage, the relation for the number 
of equilibrium contacts between the two phases is
NC .
The exact relation between NTU and N is given by
NTU E InE / c OTX 
5T~ = E~^~T (6<32)
6.2.3 McCabe - Thiele graphical method
The McCabe - Thiele graphical method is applied to the 
analysis of the results and a typical McCabe - Thiele diagram 
for trace countercurrent ion exchange is shown in Figure 10.
The number of equilibrium contacts required to reduce 
the concentration of ion from its feed value to the desired 
exit concentration is found graphically by stepping off the 









Figure 10 McCabe-Thiele diagram for trace 
countercurrent ion exchange
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6.2.4 Number of transfer units
The number of transfer units is determined graphically 
as indicated in Figure 11 by the procedure suggested by 
SelKe and
6.3 ACTIVATION ENERGY
The activation energy of the system is calculated using 
Arrhenius equation and the method is outlined below:
KaY = A. e~Ea/RT (6.33)
.A.
where
A = frequency factor
Ka = solid phase mass transfer coefficient.
X
E = activation energy.
cl
R = universal gas constant, 1.98 cal/g-mol 'K
T = temperature, degree kelvin.
Taking log of both sides of equation (6.33) gives
In Ka = InA - E /RT (6.34) x a
A plot of In Ka vs. 1/T gives straight line with slope
J^





Figure 11 Graphical determination of 
number of transfer units
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6.4 SELECTIVITY COEFFICIENT
The equilibrium constant, K, for the ion exchange reaction
R Na + —————— > R Zn"1"* + Na +
is given by
2 Z
( \ Na /• \ Zn aznj \aNaJ ,, ^K. = ——— ———————— ̂  — ( D . J5
Zn
where:
a = activity in the solution phase = Cy 
a = activity in the resin phase = C y
7 7Na Zn = charge of Na and Zn.
Expression (6.35) is simplified to the following relation 
by taken the value of the activity coefficients,y and y,
to be unity
1 2 





In terms of equivalent ionic fractions
2-1 / N 1 / \ 2 





x = equivalent ionic fraction in solution.
y = equivalent ionic fraction in resin.
C = total solution concentration.
C = resin phase ionic concentration or capacity.
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CHAPTER SEVEN
RESULTS AND DISCUSSION 
7.1 SELECTION OF ION EXCHANGE RESIN
Ten ion exchange resins as listed in Table 4 were 
tested for their tolerance for high pH values, their selectivity 
for Zn ions in alkaline solutions, physical strength and 
particle size.
Resins Duolite C225(Na), Dowex HCR(Na), Dowex HCR-W2, 
and Zerolite 225(Na) were found deficient in selectivity. 
With Duolite 255(H) a pH change from 12 to 6 was observed. 
Although Dowex 50x8(Na) and Amberlite IR-120(Na) are strong 
cation exchangers, they however were partially dissolved in 
solutions of sodium hydroxide of concentration 4g/l. and pH 
13.
Out of the ten resins only three have shown good selectivity 
for Zn ions. From these Amberlite IRC-718(Na) was chosen for 
this work because it was found to give positive results on all 
points of selection.
7.2 ION EXCHANGE EQUILIBRIA
Equilibrium relationships for the exchange of zinc ion 
with sodium ion on Amberlite IRC-718 were determined for 
different zinc and sodium hydroxide concentrations.
The equilibrium isotherm (in the form of a plot of 
equivalent fraction of zinc on resin against equivalent fraction 
of zinc in solution) is presented in Figure 12. For this
-152-
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zinc ion concentrations ranging from 55 to 550 ppm and 
sodium hydroxide solution of 8 g/i. were used. The weight of 
resin was the same for each sample (approximately Ig) and 
the equilibration was conducted at room temperature (about 
20 C). It is expected that sodium hydroxide solutions with 
these concentrations of zinc ion should exhibit favourable 
equilibria, the results obtained just confirm this. Table 5 
gives the values of the selectivity coefficient, K , which 
were calculated using equation (6.37) and were found to 
decrease from 318.10 to 5.82 corresponding to C of 55 
and 550 ppm respectively.
7.2.1 Effect of caustic concentration on isotherms
The effect of sodium hydroxide concentration on the 
isotherms was studied for the caustic concentrations of 4, 
8, 20 and 40 g/1 keeping zinc concentration at 55ppm. For 
this the weight of resin used was varied from 0.06 to 2.41 g. 
The equilibrium isotherms (in the form of g Zn/g resin against 
g Zn/g solution) are presented in Figure 13. As can be seen 
the isotherms for 0.1 and Q.2 M NaOH are favourable while for 
0.5 and 1 M are unfavourable.
7.2.2 Equilibration time
The time required to reach equilibrium was also recorded 
with the various zinc ion concentrations (55-550ppm). Figure 
14 shows the change of zinc concentration in solution with 
time. Apparently high Zn concentration gave low equilibration 
time.
-155-
TABLE 5 ION EXCHANGE EQUILIBRIUM DATA
Amberlite IRC-718 (Na) + 0.2 N Sodium Hydroxide
Initial Equilibrium Equivalent Equivalent Equilibrium
concentration concentration fraction fraction selectivity
of Zn of Zn in solution in resin coefficient



























































x = gZn/g solution x 10
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Figure 14 Change of zinc ion concentration in
solution with time during equilibration,
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7.3 Breakthrough data
Breakthrough data were obtained for different bed heights, 
flow rates, Zn concentrations, caustic concentrations, Pb 
concentrations, resin particle size and temperatures. Figure 
1 5 shows a typical set of breakthrough data plotted as C/CQ 
vs. time.
All breakthrough data were possible to analyse through 
the New method. The plots of log. In (C /C -C)) against log 
(t-tQ ) are linear. The slope, intercept, and the correlation 
coefficient were calculated using Commodore M55 calculator. 
For a perfect fit of the data, the correlation coefficient 
should equal to 1. The values obtained were in the range 
0.98-0.9999 which are almost perfect. A typical set of three 
straight lines obtained are shown in Figure 16. These lines 
are for different initial zinc and NaOH concentrations, bed 
height, temperature, and flow rate. From the graph values of 
P ( = slope) and t were obtained. The value of tQ was obtained 
by a trial and error procedure until the point at which C/C = 
0.05 fell on the line. During the analysis of data it was 
found that for some experimental conditions negative values
of t were obtained. Under those conditions a complete zone 
o
height was not formed as shown by NZ values (number of zones) 
in the tables of calculated results. Tables A(l-7) show the 
calculated values of P , tm » Kax , Kay , NZ » hz » and uz . Using 
the calculated values of P , tQ , and tm comparisons between 
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made. Figure 17 shows this comparison indicating an excellent 
agreement between the predicted and experimental data.
The effect of various parameters on saturation times
t . mass transfer coefficients , zone height, h , number of s z
zones, N , and zone velocity, u are now discussed under the 
following headings.
7.3.1 Saturation Time
7.3.1.1 Effect of bed height
The effect of bed height on t was investigated with
S
twenty sets of breakthrough data obtained for flow rates 
of 2.8+0.1 and 3.35+0.3 cc/min. and by varying bed height 
from 4.5cm. to 22.5cm. Initial zinc concentrations were at 
55, 275, and 550 ppm, and NaOH concentrations were at 4 and 
8 g/1. Unscreened resin was used with particles of mean 
diameter, d =0.521mm. and of size range from 0.297 to 1.19mm, 
The temperature was at around 20°C, but not controlled.
The saturation time, t , is plotted as a function of
o
bed height in Figure 18. As can be seen from the figure, tg 
increases with bed height, h and is found to be directly 
proportional to h. This seems to be reasonable in that as h 
increases time required for the saturation of a relatively 





































































































































































7.3.1.2 Effect of flow rate
The effect of flow rate was investigated with seven­ 
teen breakthrough data using zinc concentrations of 550, 
368.5 and 55 ppm and bed heights of 4.5, 15 and 9cm. The 
flow rates used fall into three ranges 2.02-4.12, 1.88-20.89 
and 3.20-8.26 cc/min.
The saturation time was found to decrease with flow 
rate as shown in Figure 19. This effect can be seen to be 
due to an increase of mass transfer coefficient with flow 
rate.
7.3.1.3 Influence of initial zinc concentration
A series of experiments in which zinc concentration 
ranged from 275 to 550 ppm was carried out at two bed heights 
of 4.5 and 22.5 cm. Sodium hydroxide solutions of 0.2M were 
used and the flow rates were at 2.36 _+ 0.09 and 3.00 _+ 0.08 
cc/min.
It is expected that NaOH solutions with high zinc 
concentrations should give a relatively lower saturation 
time, the results obtained just confirm this. An increase
in C decreases t and this decrease could be due to the 
o s




























Saturation time as a function 
of flow rate.
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7 » 3 ' 1>4 Effect of initial lead concentration
The effect of lead concentration as an added impurity 
was studied with five runs using Zn concentration of 483 ppm 
and NaOH of 0.4M. The concentration of Pb ions was varied 
from 75 to 694 ppm keeping the bed height and flow rate at 
4.5cm. and 2.19 j- 0.16 cc/min. respectively.
In this case both lead and zinc ions are taken by the 
resin. Because of the higher distribution coefficient of Pb 
with respect of Zn (K (47 > for Pb/Ca is 1200 at pH 4 and K (47) 
for Zn/Ca is 17 at the same pH value) it is expected that 
saturated resin will have more lead than zinc. The overall 
saturation time is found to decrease with the increase of 
Pb concentration.
7.3.1.5 Influence of caustic concentration
To study the influence of caustic concentration solutions 
of 0.3, 0.35, 0.4, 0.45, and 0.5M were used with Zn concentration 
of 4l2.5ppm. The bed height and flow rates were 15cm. and 
2.96 + 0.14 cc/min. respectively.
The experimental data indicate a fall in saturation 
time with an increase in caustic concentration as shown in 
Figure 20. The reduction of t in this case is rather different 
from that of other situations. In this case equilibrium is 
unfavourable indicating that Zn is prevented from being taken 
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respect to Zn at the time of breakthrough the saturation
time becomes smaller than t .m
7.3.1.6 Influence of resin particle size
In this study resin particle size ranging from 0.4 to 
0.855 mm were used and two different bed heights of 6 and 
4.5cm were employed. The initial Zn concentrations were at 
55 and 550 ppm and NaOH concentrations were 0.1 and 0.2M. Flow 
rates of 4.84 + 0.31 and 2.71 _+ 0.19 cc/min were selected.
Results of saturation time obtained for different particle 
sizes do not show any definite trend.
7.3.1.7 Effect of temperature
The effect of temperature was investigated with five runs 
at temperatures of 24, 32, 41, 50, and 60°C. The bed height 
was 2.8cm and NaOH of 0.2M containing 550 ppm Zn was used at 
a flow rate of 2.16 _+ 0.06 cc/min. At 60 C zinc precipitation 
was observed.
In this study the saturation time was found to increase 
with temperature - a result which contradicts the expected 
effect of temperature on ion exchange kinetics. The reason for 
this lies in the stability of the zincate complex which becomes 
unstable with the increase of temperature and thereby giving 
the precipitation of Zn.
7.3.1.8 Correlation of Saturation Time
The saturation time is finally correlated with bed height,
-169-
h, and initial zinc concentration, C . Figure 21 shows the
o 3
correlation of tg with h/CQ which follows the equation.
ts = 242 -* 
o
7.3.2 Mass Transfer Coefficients
Liquid side mass transfer coefficient, Ka , was calculated 
by equation (6.26) and solid side coefficient, Ka , was computed
J^.
from equation (6.24). As can be seen from the tables A (1-7) 
Kax values are much smaller than Ka . This may be attributed 
to the factor C /f> q .
O D O
Since Ka = Ka (C /Y> q ) , the effect of various parameters jt y o D o
on mass transfer coefficients are discussed only for Ka .7
7.3.2.1 Effect of bed height
Mass transfer coefficient, Ka , is plotted against bed 
height in Figure 22. As can be seen from this figure Ka is 
independent of bed height. There is some scatter of data which 
could be due to flow rate variations and fluctuations.
7.3.2.2 Influence of flow rate
Ka values for different flow rates are plotted in 
Figure 23. The data for Zn concentration, 55ppm almost fall 
on a straight line with slope of 0.5. For 368.5ppm the data 
gives two straight lines with different slopes whereas Kay 
values for 550ppm do not show any variation with respect of
-170-
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Figure 21 Correlation of saturation time with 


















































































































































































































































liquor velocity. The data for 55ppm indicate that the mass 
transfer process is controlled by the diffusion of Zn ions. 
This seems to be the mechanism of mass transfer in the case of 
concentration 368.5ppm since most of the points fall on a 
straight line having a slope of 0.5. For 550ppm concentration 
the range of flow rate is small and thus one can not establish 
the mechanism of mass transfer from these data.
7.3.2.3 Effect of particle size
The results of particle size varying from 0.4 to 0.855mm 
do not show any definite trend in Ka values.
7.3.2.4 Influence of zinc concentration
The influence of zinc concentration was studied with the 
concentration ranging from 275 to 550ppm. Ka values are found 
to increase with these values.
7.3.2.5 Effect of caustic concentration
The effect of caustic concentration on Ka values given 
in Table A5 is difficult to ascertain due to the incomplete 
zone formation. However, in general, Ka is found to decrease 
with caustic concentration.
7.3.2.6 Influence of lead concentration
The presence of lead ions had hampered the Zn exchange 
and mass transfer coefficient for Zn was not possible to 
evaluate from breakthrough data as zone formation was not
-174-
complete. However, Kay for Pb shows an increase with Pb 
concentration.
7.3.2.7 Effect of temperature
It is expected that the kinetics of ion exchange should 
be enhanced with the increase of temperature. However, in this 
study Kay values were found to decrease with temperature and 
this could be due to Zn precipitation which is found to occur 
at higher temperatures.
7.3.3 Number of zones
The number of zones, N , was computed from equation (6.17)
£*
and the results are given in Tables A(l-7). The values of Nz
are found to increase with bed height and temperature, however,
N decreased with flow rate, Pb and NaOH concentrations. Zn z
concentration and size of resin particles seem to have no 
effect on N .
**
7.3.4 Zone height
The height of the exchange zone is a measure of the rate 
of ion exchange under a fixed average concentration driving 
force. The factors that could influence zone height are flow 
rate, exchanger particle size, various ions concentration, and 
temperature. The effects of these factors are discussed below.
7.3.4.1 Influence of flow rate
Zone height values appear to increase with flow rate as
-175-
shown in Figure 24 from which it can be seen that there is 
some scatter of data. These are for zones which gave negative 
to . Zone height results for bed height of 15cm and zinc 
concentration of 368.5ppm were found to follow the equation.
h z = 88.7 u L "5 , 0.94x10 24£ u ^ 10.45x10 2 (7.2)
However, the results of hz for CQ of 55 and 550 ppm were found 
to give a different correlation which can be represented by
0.5 -2 _? 
hz =37.4 UL , 0.97x10^ u^ 3.62*10 (7.3)
A similar equation was also obtained by Michaels^ 92 ^ for the 
ion exchange of Na+ with H+ on Dowex 50.
Equations (7.2) and (7.3) indicate that zone height increases 
with the square root of the velocity thus pointing to a 
diffusion controlled process.
7.3.4.2 Effect of resin particle size.
The zone height has been found to be unaffected by 
particle size in the size range of 0.4 to 0.855 mm.
7.3.4.3 Influence of zinc concentration
Zinc concentration did not show any significant influence 
on zone height.
7.3.4.4 Effect of caustic concentration
Sodium hydroxide concentration influenced the exchange 























Correlation of zone height with 
liquor velocity
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the solution resisted the flow of Na + from the resin and the 
viscosity affects the diffusion of Zn2+ ions to the resin. 
Moreover with caustic concentration greater than 0.2M zone 
formation was found to be incomplete.
7.3.4.5 Influence of lead concentration
Zone height results obtained for various lead ion 
concentrations remained fixed at an average value of 4.5cm.
7.3.4.6 Effect of temperature
In this study h was found to decrease with temperature -
^j
a result which contradicts the expected effect of temperature 
on ion exchange kinetics. This can be attributed to the 
precipitation of Zn which has occured at higher temperatures.
7.3.5 Zone velocity
Zone velocity data for the effect of various parameters 
are given in Tables A(l-7).
7.3.5.1 Correlation of zone velocity with Zn concentration
In Figure 25 zone velocity is plotted against Zn 
concentration and the data show a good correlation by falling 
on a straight line which is represented by
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7.3.5.2 Correlation of zone velocity with flow rate
Zone velocity data are plotted against flow rate in 
Figure 26 which shows that data fall on straight lines 
corresponding to CQ values of 55, 368.5, and 550ppm. These 
lines can be represented by
u_ = 6.17 x 10" 2 f for C = 55 (7.5) z o
u = 6.25 x 10' 1 f for C = 368.5 (7.6)£, O
u = 9.47 x 10" 1 f for C = 550 (7.7) z o
Attempts were made to bring all the points on one line 
by the use of equation (7.4). As can be seen in Figure 27 
that data for C values of 368.5 and 550ppm fall on a line 
while data for 55ppm give a separate line. This is most 
probably due to the caustic concentration which is 0.1M instead 
of 0.2M in the other cases.
-180-
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7.4 Application of the New method to other works
To check on the New method, the breakthrough data of
(92) Michaels^ who studied the exchange of Na* with H+ on
Dowex 50 were taken and analysed through the New method. 
Table 6 shows the data read from his breakthrough curves
along with the operating conditions. The results of h andz
u calculated through the New method and the Michaels results z
on these two parameters are given in Table 7 . As can be 
seen, the results show that there is an excellent agreement 
between the two sets of data. Most of the values of zone 
height calculated through the New method fall within the 
range of Michaels zone height values calculated using equations 
(6.1) and (6.2). Like the h values the zone velocity agree
^
equally well Michaels results.
( 174J 
The New method was also applied by Clark for the
analysis of his data on the recovery of valuable vapour 
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7.5 Analysis through Michaels method* 92 *
Through Michaels method two sets of breakthrough data 
vere analysed. As described previously the method is applicable 
only to systems with favourable equilibria and symmetrical 
breakthrough curves. In the present work, although some 
equilibria are favourable but all breakthrough data do not 
give symmetrical breakthrough curves.
7.5.1 Zone height
Zone height was calculated using two equations of Michaels, 
eqs. (6.1) and (6.2). As can be seen from Tables Bl and B2 
that the values of h . obtained from eq.(6.1) and h ~ from 
eq. (6.2) are not in agreement except in the case when F=0.5 
representing a symmetrical breakthrough curve. Even though 
the calculated zone height is higher than the actual bed height. 
For the same run the new method gives a zone height of 3.95cm 
(Table A2) in a bed of 4.5cm and this appears to be reasonable.
7.5.2 Specific total capacity
The specific total capacity was calculated using equation 
(6.3) and is found to be unaffected by liquor velocity. The 
maximum deviation from the mean of 0.25 meq/ml is computed 
to be 8%. However, the calculated values fall short of 
experimental values.
7.5.3 Effective capacity
Specific effective capacity, C£ , was computed from
-186-
equation (6.4) and found to decrease with liquor velocity.
7.5.4 Number of transfer units
The number of transfer units for the two different Zn 
concentrations was computed using equation (6.7). Values of 
4.17 and 3.79 were obtained corresponding to C of 550 and 
368.5ppm respectively. As these results are calculated from 
a method using a concept which is different from that of the 
new method, comparison between number of transfer units and 
number of zones is not possible.
7.5.5 Height of transfer units
The height of transfer units is required to be obtained 
from the zone height. As the method does not give true zone 
height values, no attempts were made to find HTU values.
7.5.6 Overall liquid phase mass transfer coefficient
Liquid phase mass transfer coefficient was calculated 
from correlating equation (6.6) and the values are found to 
increase with liquid velocity. These values are however, much 
greater than those obtained through the new method.
-187-
7.6 Analysis through Moison and O'Hern method (93)
Moison and O'Hern gave equations for the determination 
of zone height, zone velocity, and number of transfer units. 
With some runs the method was tried to find those parameters.
7.6.1 Zone height
Zone height was computed using equation (6.9) and as can 
be seen from Tables C(l-3) the values obtained are much lower 
than those found through equations (6.1), (6.2) of Michaels 
and (6.18) of the present method.
7.6.2 Zone velocity
Like zone height the values of zone velocity, u ? , 
calculated through equation (6.10) are much lower than those 
obtained through the other methods. In fact in some cases 
they were found to be three times smaller than the values of 
u obtained through the new method.
7.6.3 Number of transfer units
The number of transfer units was obtained from equation 
(6.11) and the results are given in Tables c(l-3). The NTU 
values ranged from 5.93 corresponding to CQ of 55ppm to 7.11 
for C of 550ppm and these are greater than those computed 
through equation (6.7) of Michaels.
7.6.4 Height of transfer units
Using the calculated values of HZ and NTU, HTU was obtained
-188-
from equation (6.8). As the values are obtained from hz
by dividing with a large NTU, it is expected that the HTU values 
will be small.
7.6.5 Liquid and solid phase resistances
Attempts were made to estimate the resistances in the 
liquid and solid phase according to equation (6.13) which 
requires a plot of HTU versus C . As the calculated values of 
HTU are doubtful, the plot as given in Figure 28 does not show 
straight lines representing the equation which suggests straight 






























































































































































7 .7 Activation energy
To check whether the process of mass transfer is
diffusion or chemical reaction controlled, the activation
energy was calculated using Arrhenius equation. Following
this equation a plot of In Ka versus 1 in Figure 29 gavex T
a straight line. The slope of this line gives a value of 1.6 
k cal/mole for the activation energy indicating a transfer 
process that is controlled by a diffusion mechanism.
7.8 Regeneration tests
The regeneration of Amberlite IRC-718 was accomplished 
by using HC1. A typical plot showing the effect of flow rate 
is presented in Figure 30 and the operating conditions together 
with the calculated data are given in Table 8. The results of 
this Fig.(30) show an increased Zn elution with the increase 
of flow rate. The acid concentration and the particle size 
do not show definite variation in Zn removal.
7.8.1 Acid recovery
Attempts were made to recover the spent regenerant 
(HC1) by distillation from which it was found that the acid 
was not fully recovered when 1340ml of distillate was collected 
from a batch feed of 1400ml. It is therefore recommended that 
the distillation should be continued until dryness so that all 
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Figure 30 Effect of flow rate on the regeneration 
of Amberlite IRC-718 with 4M HC1.
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Sodium hydroxide was used to convert the resin from the 
hydrogen form to the sodium form and the operating conditions 
along with the calculated results are given in Table 9. 
Refering to this table, there are several points deserve 
comments, the conversion efficiency was found to vary from 95 
to 99.4% and complete conversion (100%) can be achieved if 
sufficient amount of NaOH is used. The conversion efficiency 
was found to increase with flow rate as shown in Figure 31. 
Larger volume of NaOH and longer conversion time are required 
if 0.1M NaOH is used instead of 1M.
The resin after being regenerated and converted was 
tested for the acceptance of Zn and it was found to be 
satisfactory.
7.10 Zinc precipitation
In some solutions Zn was found to precipitate out. In 
order to overcome this problem, the solutions were diluted 
with sodium hydroxide solution instead of de-ionised water. 
However, precipitation still occured in some solutions with 
lower concentration of NaOH. In some solutions zinc precipitated 
instantly whereas with the others precipitation has occured after 
few hours or even few days. Table 10 shows the expected and 
determined zinc ion concentrations.
-195-
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In this study twenty five runs were carried out in order 
to find the optimum operating conditions. To achieve this the 
bed height was varied from 8 to 30cm and Zn concentration 
from 55 to 550ppm. Solution flow rates ranging from 3.19 to 
19.45 ml/min were used and the resin flow rates were much 
lower (0.083-0.328 ml/min). Sodium hydroxide concentration of 
0.2M was treated in all runs except for run 5.1 for which the 
concentration was 0.1M. With the preliminary experiments, zinc 
leakage up to 25% was found to occur and later the operating 
conditions were modified to maintain lower Zn leakage. This 
was achieved using a bed height of 24cm and solution flow rate 
of 7ml/min with extraction efficiency around 99.5%.
7.11.1 Extraction efficiency 
7.11.1.1 Effect of caustic concentration
With the first run (5.1) a bed height of 12cm was used 
and the solution flow rate was 19.45 ml/min. Sodium hydroxide 
solution of 0.1M containing 55ppm of Zn was treated and the 
results are shown in Figure 32 which indicates that a time of 
8 hours was needed for the exit Zn concentration to reach 25% 
of its initial value. On the basis of this finding run 5.2 
was designed in which a smaller bed was employed and NaOH 
concentration was raised to 0.2M. This run was operated for a 
period of 6 hours and later it was found that after the first 
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-200-
value of 30ppm (54%) indicating an adverse effect of NaOH 
concentration.
7.11.1.2 Influence of solution flow rate
Runs 5.5, 5.6 and 5.7 were carried out with flow rates 
of 3.62, 5.55 and 7.05 ml/min respectively. The bed height 
was kept constant at 8cm and Zn concentration was raised to 
550ppm. As can be seen from Table D2 that extraction efficiencies 
of 94% 95%&89.6% were obtained from which it is difficult to 
assess the true effect of flow rate. However, the effect of 
flow rate in general is found to decrease the efficiency.
7.11.1.3 Effect of bed height
The effect of bed height on the extraction efficiency was 
studied with runs 5.8, 5.9, 5.10 and 5.11 using bed heights of 
12, 16, 20 and 24cm while the flow rate was kept constant at 
7 ml/min. The results are given in Figure 33 which shows 
that the extraction efficiency increased by 10% over a three­ 
fold increase of bed height.
In order to ensure that the combination of h=24cm and 
R =7ml/min were the conditions of maximum efficiency it was 
essential to carry out further investigation with Rp=9.I4ml/min. 
The result of this investigation is shown in Figure 34 . 
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Figure 34 Exit Zn concentration as a function of 
time and number of cycles at different 
flow rates.
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7.11.1.4 Influence of zinc concentration
To investigate the influence of Zn concentration on the 
extraction efficiency, experiments were carried out with Zn 
concentrations of 275, 330, 412.5 and 550 ppm with a bed 
height of 20cm and solution flow rate of around 10 ml/min. 
The bed height was selected at 20cm instead of 24cm to observe 
the variation of efficiency with the Zn concentration. The 
experimental data f or CQ of 275 and 550ppm are plotted in Figure 35 
and the calculated results are given in Table D4. As expected 
low Zn concentration gave better separation. The extraction 
efficiency was found to decrease by 20% over a twofold increase 
in Zn concentration. Figure 36 shows the relationship between 
the extraction efficiency and Zn concentration indicating this 
effect.
7.11.1.5 Effect of cycle time
In this study cycle times of 30, 45, 100 and 120 minutes 
were used and their effects were observed through the extraction 
efficiency. The bed height and the solution flow rate were kept 
constant at 24cm and 7ml/min respectively. Figure 37 shows 
the effect of cycle time on the exit Zn concentration which 
indicates that cycle times of 100 and 120 minutes are not 
desirable. The extraction efficiency decreased from 99.6% to 93.7% 
corresponding to cycle times of 30 and 120 minutes respectively. 
It can be expected that with a cycle time of 120 minutes and 






































Figure 35 Exit Zn concentration as a function 
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increase. This was confirmed when a bed height of 30cm was 
employed, the extraction efficiency was found to increase from 
93.7% to 99.3%. Effective separation of Zn can also be achieved 
if the concentration of Zn ion is reduced and the cycle time is 
increased. When Zn concentrations of 412.5 and 495ppm with cycle 
time of 100 minutes duration were used, the extraction efficiency 
was found to increase from 97.7% to 99.6% corresponding to 
CQ of 550 and 412.5 ppm respectively.
The selection of cycle time for the moving bed operations 
was based on the results of a breakthrough study carried out 
in the same column. As can be seen from Figure 38 the time 
for break point (t ) is 3.6 hrs. and all cycle times were kept 
lower than this value.
7.11.1.6 Influence of resin renewal
One would expect that by replacing larger volumes of 
resin at the end of each cycle will improve the separation 
of Zn. To do this three runs were conducted in which the 
volume of resin renewed was varied from 5 to 20 ml. With runs 
5.12 and 5.13 bed height of 20cm was employed and the solution 
flow rate was increased to 10.l9ml/min in order to compensate 
for the removal of larger volumes of resin. The experimental 
results of this investigation are presented in Figure 39 and 
the calculated data are given in Table D6. As can be seen 
from the figure that the separation of Zn was slightly improved 
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be due to the use of high flow rate. In run 5.20 the flow rate 
was reduced to 6.85ml/min in a bed of 24cm and the results 
show a 20% increase in the extraction efficiency as shown in 
Table D6.
"7.11.2 Number of transfer units
The number of transfer units, NTU, was determined by 
graphical integration according to the procedure suggested by 
Selke and Bliss as shown in Figure 11 and also was 
computed using Hiester et al^ 148 ^ equation (6.30). The 
number of equilibrium contacts (stages), N , was obtained using 
McCabe Thiele procedure as shown in Figure 10 and also was 
calculated using Hiester et al equation (6.31). Table 11 
gives tJhe comparison between NTU and N which indicates that 
results obtained through eqs. (6.30) and (6.31) are much higher 
than those obtained by the other methods. These equations 
were obtained for systems with linear equilibrium relationship 
and as the present systems exhibit non-linear equilibria, it 
is not surprising that these results are not in line with the 
other results. However, these results highlight the influence 
of equilibrium relationship on the values of NTU and NC -
It was suggested^ ' that moving bed adsorption could be 
treated through McCabe-Thiele procedure to obtain the number 
of equilibrium contacts between the phases. This procedure 
should give N equalling NTU for those systems in which the
v~
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present system does not meet this condition and therefore NTU 
values can be considered to be more representative compared 
with N values.
7.11.3 Height of transfer units
The height of transfer units, HTU, was calculated by 
dividing the bed height, h, by NTU. The effect of various 
parameters on the HTU are discussed under the following headings.
7.11.3.1 Effect of caustic concentration
By increasing the caustic concentration the separation 
of Zn was reduced which resulted in an increase in the HTU 
values from 3.92 to 8 cm corresponding to 0.1 and 0.2M NaOH 
respectively. This effect can be seen through the mass transfer 
resistance caused by the increased concentration of caustic.
7.11.3.2 Influence of solution flow rate
With a bed height of 8cm and solution flow rates of 3.62, 
5.55 and 7.05 ml/min the HTU was found to decrease from 2.70 
to 2.58 followed by an increase to 3.40cm. This indicates that 
for the bed height of 8cm a flow rate of about 5.5 ml/min would 
be the optimum since HTU value is at a minimum. Similar 
observation applies in the case of using a bed of 24cm in depth, 
a flow rate of 7.02 ml/min gave a lower HTU value than that of 
9.14.
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7.11.3.3 Effect of bed height
The HTU values seem to be unaffected by bed height increase 
which was varied from 8 to 20cm. However, with a bed height 
of 24cm the HTU was found to have a low value and this is 
because of a high NTU value which in turn depends on the nature 
of equilibrium relationship.
7.11.3.4 Effect of Zn concentration
The effect of Zn concentration was studied using bed 
heights of 20 and 24cm and solution flow rates of 10 and 7ml/min. 
In both cases the HTU values were found to increase with Zn 
concentration which ranged from 275 to 550ppm.
7.11.3.5 Influence of cycle time
A cycle time of 30 minutes was found to give low value 
of HTU when a bed height of 24cm was employed. However, the 
HTU value decreased with an increase of NTU when a bed of 
30cm in depth was used with cycles time of 120 minutes.
7.11.3.6 Influence of resin renewal
The volume of resin replaced seemed to influence the 
HTU values as shown in Table D6. As HTU values depend on NTU 
and the bed height it is rather difficult to decipher the nature 
of this influence.
-214-
7.11.3.7 Correlation of HTU
The height of transfer units is finally correlated 
with zinc concentration as shown in Figure 40. The data 
follow a straight line represented by
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The separation of zinc from an alkaline leach liquor of 
pH 13 has been possible through the use of Amberlite IRC-718 
ion exchange resin. With this resin the equilibrium relationship 
is found to be favourable for 0.1 and 0.2M NaOH solutions. The 
resin is amenable to regeneration to Na - form through HC1 and 
NaOH.
Breakthrough studies have been done in fixed beds and 
the data are analysed to determine mass transfer coefficients, 
saturation time, number of zones, zone height and velocity, 
number of transfer units and capacity. The activation energy 
of the process has been determined.
Further studies have been done with a moving bed system 
and the data are obtained for the determination of extraction 
efficiency, and number and height of transfer units.
Based on the results obtained in this work the following 
conclusions can be drawn.
1. Ka increases with u ' (for u values
_p _p 
ranging from 0.94x10 to 10.45x10 cm/s) Thi s is confirmed
by the results of zone height which also increases 
with the square root of the velocity indicating 
that the major resistance to ion transfer is 
diffusion in the liquid phase.
2. For the ion exchange process the activation energy 
has a value of 1.6 fco al/mole - a result that also
-217-
indicates a diffusion controlled process.
3. High temperature operations favour the exchange
kinetics but also help the precipitation of zinc. 
This behaviour has a prominent effect on saturation 
time which is found to follow an increase rather than 
a decrease.
4. Caustic concentration above 0.2M reduces the rate
of exchange due to the increase in solution viscosity 
and sodium ions concentration.
5. The presence of lead ions in the solution has a
detrimental effect on the exchange kinetics of zinc.
6. The extraction efficiency in moving bed operation 
is found to increase with bed height and decrease 
with solution flow rate, Zn and OH ions concentration.
7. The conditions of maximum extraction efficiency are 
found to be at h of 24cm and R^ of 7 ml/min.
8. The cycle time of 30 minutes duration is found to
give high extraction efficiency when the bed height 
and solution flow rate are 24cm and 7 ml/min 
respectively.
9. The height of transfer units has been found to
increase with Zn and OH ions concentration,solution 
flow rate, and cycle time. However, HTU is unaffected 
by bed height increase.
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8 - 1 Future investigations
The present study indicates a number of possible areas 
of interest which demands further investigations.
The selection of a cheap and effective resin is important. 
Claims have been made recently that chelate ion exchange resins 
such as Amberlite DP-1, Duolite ES-467, and Duolite ES-346 are 
selective for heavy metals and also have high capacity. 
Amberlite DP-1 is cheaper than Amberlite IRC-718 and this could 
lead to a better economy for the process.
The kinetics of regeneration is required for the full 
design of the separation process.
Work is needed on the recovery of Zn and HC1 in addition 
to the concentration of NaOH in order to find out whether the 
process is economically viable.
It will be interesting to study this problem in several 
columns of moderate height arranged in series.
Recently advances have been made in continuous fluidized 
bed systems, this can be tried using a resin having faster 
kinetics than the present one.
Future work is also needed with moving bed system using 
a micro processor to control the sequences of the operation.
-219-
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TABLE I.I Effect of caustic concentration on isotherms 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 1.4 Breakthrough data



































































































































































































































































































































































































































































































































































































































































TABLE 1.4bl Effect of flow rate
C Q = 55ppm , NaOH = 0.1 M, h = 9cm,
















































































































































































































































































































































































































































































































































































































TABLE 1.4c Effect of initial zinc ion concentration.
NaOH = 0.2 M, h
C , PPm












































































































































































































































































































































































































































































































































































































































































































































TABLE 1,4e Effect of caustic concentration.
C Q = 412.5ppm , h = 15cm.
NaOH Concen. , M


















































































































































































































































































































































































































































































































































TABLE l.4g Effect of temperature.
h = 2.8cm., CQ = 550ppm., NaO.H = 0.2 M,



























































































TABLE 1.5 Moving bed
TABLE 1.5.1 Effect of caustic concentration





Rp ml/mi n 



















































































































































TABLE 1.5.2 Influence of solution flow rate



























































































































TABLE 1 .5 .3 Effect of bed height





































































































































































































































Bed height cm. 
Solution flow rate ml/min. 


































































































































































































































TABLE 1.5.5 Influence of resin flow rate 
h=20cm, C Q =550ppm, NaOH=0.2M.























































































































































































































































































































































































APPENDIX II A 
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APPENDIX II B 
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APPENDIX II C 
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Figure A3 .1 Flowmeter calibration graph
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Figure A3.3 Calibration curve for zinc analysis 
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Atomic Absorption Spectrophotometer 1275
This instrument gives the concentration of the metal 
ion directly and for the sake of simplicity, the operating 
instructions are numerated below.
(1) De-ionised water was used for aspiration.
(2) The required lamp was inserted and its current, band 
slit and wavelength were selected.
(3) The power was switched on and the instrument left to 
warm up for 15 minutes.
(4) The air was switched on and the pressure adjusted to
50 p.s.i. by holding the air trap nozzle with a finger 
and releasing it until stablized.
(5) The fan was switched on.
(6) The acetylene cylinder was turned on followed by pressing 
SET FLOW and observing the Oxidant/Fuel readings (oxidant 
was 20 and Fuel 5).
(7) The flame was ignited by touching FLAME ON.
(8) The wavelength was adjusted to read maximum transmission 
with the two knobs on the lamp. The deflection was 
brought back on the scale by pressing GAIN.
(9) The flame was optimized with the 2 p.p.m. standard to
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give a reading value of approximately 0.5 by adjusting 
the horizontal, vertical and the X-Y plane position of 
the burner.
(10) The standards were aspirated in ascending order followed 
by pressing CONC. They were then recalled by pressing 
CAL STD 1, STD 2 and STD 3 and the calibration was 
checked with the 1.5 p.p.m. standard. During measurement, 
the instrument was checked with the 1 p.p.m. standard 
and if its reading value was higher or lower than I, 
CAL RESLOPE was pressed thus automatic calibration.
(11) When the background was noisy (i.e. the read value was 
fluctuating), the buttons RUN MEAN, TIME SEC, and READ 
were pressed thus giving mean read values over a period 
of 1 second or more as required. The read was then 
returned to zero by pressing INT REPEAT.
(12) At the end of measurement, approximately 50ml. de-ionised 
water was aspirated followed by switching off the flame.
(13) The acetylene cylinder was turned off(on the small 
gauge acetylene read 5).
(14) The air was switched off followed by pressing the AIR
button until the reading indicated a zero value (also the 
air gauge read zero).
(15) Finally the fan and power were switched off.
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MOVING BED 
APPARATUS
